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FOREWORD 


The last decade has seen an enormous extension in the development 
and application of radiochemistry. Until the beginning of this period, 
work in this field of science had been confined to a few well-known 
schools and a few individual scientists. The applications of radio- 
chemistry to the war-time atomic energy project changed this com¬ 
pletely and led to great developments in techniques. Since the war 
these techniques have found applications in many fields of science 
through the applications of radioactive tracers. The publication of this 
work in Modem Radiochemical Practice should be of great value to 
those who are now using this very important tool of modern science. 

J. D. COCKCROFT 


11 May 1951 




























PREFACE 


The wide variety of purposes for which radio-elements may now be 
used has led to a desire on the part of many chemists, biologists, 
physicists, and engineers to employ radioactive technique in their work. 
Although there are numerous volumes available which deal exhaustively 
with the theoretical aspects of radioactivity, there seems, however, to 
have been little attempt to give detailed guidance on the practical 
aspects of the subject. The present volume is an attempt to fill this 
gap. It is intended primarily for chemists and others who have received 
rudimentary instruction in radioactivity in their degree course, and 
who wish to learn radiotracer methods, although we hope that the 
techniques described wiU be of interest to all who use radioactive iso¬ 
topes. Elementary knowledge of nuclear structure and the properties 

of nuclear particles is assumed. 

Throughout the text emphasis has been placed on the practical 
aspects of the subject-the difficulties which must be overcome and the 
precautions which must be taken for reliable results to be obtained. It 
is for this reason that wo have discussed in some detail the methods of 
measuring radioactivity, although wo have tried to describe the prin¬ 
ciples of each instrument only in so far as this is necessary to understand 
how reUable results can be obtained. Detailed discussion of electronic 

circuits is thus avoided. 

The practical course has been designed so that suitable experiments 
can be undertaken by anyone who can obtain radioactive material, 
whether he uses a laboratory neutron source or relies on pile-produced 
activities, or even if naturaUy occurring sources only are available. 
Similarly no restriction is made on the type of instrument used to 
detect the activity. The instructions may in consequence not always 
be as detailed as some would wish, but it is hoped that they will be 

adequate for a laboratory teaching course. 

Chapters I and II are somewhat more theoretical than the rest of 

the text. These were included to give general information about, first, 
the chemical and, secondly, the physical aspects of the subject. They 
are primarUy intended to provide the student with the information 
necessary for his complete understanding of the remainder of the text. 
Adequate references are provided for further reading of the subject. 

It is a pleasure to acknowledge the help and encouragement of Dr. 

H M N H. Irving of Oxford University, and Dr. R. Spence, head of the 



PREFACE 

vin 

Chemistry Division of the Atomic Energy Research EstabUshment, 
HarweU Both have read the text in its entirety and have made a 
number of helpful suggestions. Without their constant advice the 
volume would not have been prepared in its present form. 

We should also like to thank Sir John Cockcroft, the Director of 
A E R.E., for being kind enough to write a foreword. 

In conclusion, we should be grateful for any comments of readers 
which might help to improve the usefulness of the book, especially in 
the experimental section. Any suggestions for experiments illustrating 
some new uses of radio-elements in chemistry which might be included 

at a later date would be welcome. xT o. 

Or. i>. U, 

J. F. B. 


ATOMIC ENERGY 
RESEARCH ESTABLISHMENT 
HARWELL, BERKS. 

10 January 1951 
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RADIOCHEMISTRY 

1. Introduction 

Although the use of radioactive isotopes has been extensively reported 
in recent years, it is by no means a new technique. By 1913 the work 
of separating and identifying the many isotopes of the naturally occur¬ 
ring radioactive elements had largely been completed and the earliest 
radiotracer experiments had been reported (4). Up to 1934 the use of 
radioactive techniques was entirely confined to the rather limited 
number of elements \vith suitable radioactive isotopes, such as thorium, 
bismuth, lead, and thaUium, but the discovery by M, and Mnie Joliot- 
Curie in 1934 that elements which are normally inactive could be made 
radioactive by bombardment with a-particles opened up a much wider 
field of study (5). Other workers, stimulated by this discovery, began 
seeking for alternative methods of obtaining radioactive material by 
artificial means. One of the most important was due to Fermi (6), who 
found that a wide range of elements became radioactive when bom¬ 
barded with neutrons (which had previously been discovered by Chad¬ 
wick in 1932 by the action of a-particles on beryllium). Concurrent with 
this work the rapid development of the cyclotron made available a 
much larger number of radioactive isotopes than could be obtained 
from other neutron sources or from the relatively low energy particle- 
accelerating machines such as that of Cockcroft and Walton. Although 
the use of radioactive isotopes continued to increase, however, many of 
the more important radio-isotopes (such as ^^C) could not be produced 
in sufficiently large amounts and not until 1945-G did uranium pile 
reactors make such radio-isotopes generally available. The yields of 
isotopes produced by neutron capture reactions in a pile are con¬ 
siderably greater than those produced by use of other neutron sources, 
and these increased yields are one of the most important consequences 
of the practical utilization of atomic energy. Uranium reactors (piles) 
have also enabled a number of new isotopes to be obtained by nuclear 

fission (see Chap, V), 

Radioactive tracer techniques are of very wide application and have 
been utilized considerably in medicine and biology, but in chemistry, 
physics, and metaUurgy they have not yet been so extensively applied. 
Nevertheless, many of the problems which arise in these sciences can 
be studied by radiotracer methods and considerable advances are likely 

5197 B 
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by their use m the future. The technique has most often been applied 
using a radioactive isotope as a tracer for a stable isotope—both present 
together. Subject to some limitations, the chemical behaviour of such 
a system is then the same as that of the stable isotope, present in 
macro-amounts. As the weight of the radio-isotope necessary to give 
a measurable activityf is often less than lO-is g. (far below that 
detectable by ordinary chemical means), the behaviour of ultramicro- 
quantities of material can also be studied. In this case no stable isotope 
of the radioactive element is added, and the concentration of materUl 
used (often referred to as ‘radiotracer concentrations’) is considerably 
lower than those normally caUed ‘ trace ’ amounts (say 10-® g.). Radio- 
tracer methods can thus be applied satisfactorUy to study the behaviour 
of materials in macro-, trace-, or ultramicro-concentrations and the 
name radiochemistry ’ is used to describe chemical reactions in which 
such radioactive atoms are taking part, either in the presence or in 
e absence of stable isotopes of the same element. Radiochemistry 
should be carefully distinguished from ‘radiation chemistry’ which k 
the study of the chemical effects of nuclear particles and radiation on 

TTISLvXGV • 

A fundamental assumption in tracer chemistry is that the radio- 

active and stable isotopes of the same element have identical chemical 

properties and are chemicaUy inseparable. Experience has shown that 

s IS generaUy true, but several apparent anomalies do exist. In some 

cases It IS possible to mix a radiotracer with its stable isotope and then 

to separate the two by simple means. Such behaviour may be due to 
one of two causes. ^ 

isotopes and care must always be taken to ensure that when more than 
sa^L'^Ste^ ^tive and inactive species exist in the 

3=S 1 tided to "ir ■ 1 radioactive 

loll completely separated from the active sulphite L 

Ln II hvJrochl is added to inactive ferric 

Fe3+ statls o acid solution, mterchange between the Fe2+ and 

Fe states occurs and the radioactive isotope becomes distributed 

‘active-, and its m6^red'*diStepat!oA°rate ‘^at it is 

should not be confused with thermodj-namic activity, surfi™ act.Vity'fetc'!"'’ 
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homogeneously throughout both valency states (7). Even in apparently 
simple cases, difference of behaviour might occur. For instance, traces 
of ammonium ion may react with the platinum metals forming ammine 
complexes, the chemistry of which is considerably different from that 
of the element in a simple ionic form. 

Other cases of incomplete mixing of inactive and active isotopes have 
been observed where the possibility of several valency states is ex¬ 
cluded. This is due to the existence of the radioactive tracer in a col¬ 
loidal, non-ionized form which does not readily exchange with the added 
ionized inactive isotope. It is frequently necessary to use vigorous 
reagents to convert the two to the same chemical state. 

In some systems, however, a more fundamental difficulty occurs, 
namely the difference in zero point energy of the radioactive and stable 
isotopes. This arises from differences in mass of the two species and 
becomes apparent in changes in equilibrium constants, rates of reaction, 
bond strength, etc., as a result of isotopic replacement. Such effects 
are sufficiently great to enable separation of isotopes by chemical ex¬ 
change on a large scale (8). Beeck el al. (9), who investigated the 
pyrolysis of 1—propane, found that the bond ruptured 

8 per cent, more frequently than the bond and obtained a 

higher ratio in the first fractions of ethylene than present in 

the original propane. (If complete degradation were to occur, of course, 
the ratio must be unchanged.) Similarly, Yankwich and Calvin 

(10) have observed that when malonic acid, labelled with in one 
carboxyl group is partially decarboxylated, the carbon dioxide 
evolved is depleted in while the remaining acetic acid is enriched. 


Thus, 


COOH 


/ 

’\i^COOH 


H 


CH./ cn/ -hCOa 


’\»«COOH 


showing that the bond is stronger than the bond 

which is disrupted at a faster rate. Differences in the chemical properties 
of carbon isotopes were also observed in photos 3 nithesis in plants grown 
in an atmosphere of ^^C 02 and the residual carbon dioxide in 

the gas surrounding the plant becoming enriched in (H)- 

In radiochemistry the possibility of isotopic separations even under 
equilibrium conditions should always be borne in mind. The effect 
may be particularly important in the case of the lighter elements, for 
which the relative isotopic mass differences are greatest. Thus, the 
large difference in mass of hydrogen and tritium (=*11) may result in 
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considerable divergences in chemical behaviour under some circum¬ 
stances (12), but as the mass differences become smaller, the separation 
factors also decrease (13). The theoretical separation factors for such 
processes are seldom larger than 1-02, and this 2 per cent, separation 
is obtained only if the system is at equilibrium. Isotopic separation 
is only likely to be significant when there is isotopic exchange between 
two different molecular species containing the same element under 
conditions where the separated isotopes do not remix, and there is a 
chance of a multistage fractionation process occurring. Under these 

conditions considerable errors might result unless this possibility is kept 
in mind. ^ 

Remembering that the chemical identity of isotopes of the same 
element has been assumed, we may now proceed to the remainder of 
this chapter which is a discussion of tracer chemistry, with special 
reference to differences from normal behaviour, obtained in radiotracer 
concentrations. The last section illustrates the use of radiotracer 
techniques in chemical investigations (14). 


2. Some Factors affecting Radiochemical 

Separations 


When it is appreciated that the concentration of a radiotracer sub¬ 
stance may be lO-^-lO-is times less than solutions of micro-gram 
quantities of material normally regarded as of extreme dilution, some 
modification of the normal behaviour is to be expected. Thus the 
presence of traces of impurities which can be neglected in ordinary 
chemical practice may be significant in radiochemical procedure. It is 
the purpose of this chapter to indicate the factors afiFecting the manipu¬ 
lation of radiochemical material and the practical procedures employed. 

In order to obtain elean and efficient recoyery of a radio-element it 
IS necessary to use a method of separating it from other material which 
IS as selective as possible. For instance, solvent extraction, precipita¬ 
tion, volatihzation, electrochemical deposition, and adsorption have aU 
been used widely. 


Loss of activity by side reactions, adsorption on the surfaces of 
vessels, etc., must be avoided and it may be necessary to add a few 
milhgrams of the same element to act as a ‘carrier’—i.e. the active 
a oms are diluted with stable atoms, thus reducing the proportion of 
activity lost by side reactions. With the use of carriers it Lould be 
remembered that radioactive material produced by bombardment may 
It IS multivalent, be present in more than one valency state. It is 
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necessary, therefore, to add the inactive carrier in all possible valencies, 
which may then be converted to the state necessary for separation. 
Alternatively the carrier may be added in one valency only and all 
valency conditions produced in turn by oxidation and reduction before 
separation is attempted. The possibility of the activity being present 
in an unexpected condition (due to the presence of trace impurities, 
etc.) should be kept in mind, particularly with elements forming co¬ 
ordination complexes and those which are readily hydrolysed. 

A. Precipitation reactions 

The regularities observed in the behaviour of micro-components with 
macro-precipitates were first formulated in 1913 by Fajans (15) and by 
Paneth (16) in 1914. The Fajans Precipitation Rule states that ‘when 
a precipitate is formed in a solution containing micro-concentrations of 
a radioactive element, the lower the solubility of the compound between 
the anion of the precipitate and the radioactive element (cationic), 
the greater is the amount of radioactive element carried dowm with the 
precipitate’. A similar rule was proposed by Paneth to describe the 
behaviour of micro-components in solution when treated with insoluble 
compounds or preformed precipitates. These rules together are often 
referred to as the Fajans-Paneth Precipitation and Adsorption Rule. 
When a micro-component does not form an insoluble product with a 
precipitate, non-selective adsorption of the radioactive material on a 
solid substrate can be reduced by addition of an inactive analogue of 
the same element, referred to as a ‘hold-back carrier’. If no stable 
species exists, a chemically similar element may be used either as carrier 
or hold-back carrier, e.g. rhenium for element 43 and zirconium for 
protoactinium. The use of hold-back carriers for micro-quantities of 
elements (such as niobium and tantalum) which are easily hydrolysed 
is sometimes inadvisable, however, since they precipitate under a wide 
variety of conditions. In such cases the use of carrier is more of an 

embarrassment than an advantage. 

The Fajans-Paneth rule originated from observations such as the 
co-precipitation of small amounts of radium and lead with barium sul¬ 
phate, and of radium, lead, and bismuth with barium carbonate; the 
absence of adsorption of small amounts of radium on sUver chloride 
and of bismuth on barium sulphate in acid solution also supported the 
rule. As a more recent example, the existence of at least two valency 
states of neptunium (element 93) in solution was inferred from the ab¬ 
sence of co-precipitation with lanthanum iluoride in strongly oxidizing 
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media, whereas complete co-precipitation occurred when the solutions 
were reduced (17). 

As more data were accumulated, several examples which could not 
be reconciled with the Fajans-Paneth rule were observed (18-20). 
For example, the lead isotope, thorium B, is not co-precipitated with 
mercuric iodide or mercurous chloride although the corresponding lead 
compounds are sparingly soluble. Similarly, salts of radium with many 
organic acids such as fumaric and malonic have a low solubility in 
water and are carried down by the barium derivative, yet radium re¬ 
mains in solution when the copper, silver, and heavy metal salts are 
precipitated. Perhaps even more remarkable is the failure of g 3 rpsum 
(CaS 04 . 2 H 20 ) to carry do-wn traces of radium, although radium sul¬ 
phate is one of the least soluble compounds known (18). 

These discrepancies showed that low solubility is not the sole criterion 
of co-precipitation, and it was suggested that true co-precipitation 
would be observed under aU conditions only if the radio-element was 
incorporated isomorphously or at least uniformly in the precipitate (18) 
This is essentiaUy Hahn’s Precipitation Rule formulated to describe 
true co-precipitation reactions. In a number of precipitation reactions 
the separation of the micro-component depends on the precipitate and 
the manner in which it is produced, and such reactions are considered 
to be due to surface adsorption. In these cases the conditions for separa¬ 
tion are given by Hahn’s Adsorption Rule, which states that ‘an ion 
at any desired dilution will be adsorbed by a precipitate if that precipi¬ 
tate has acquired a surface charge opposite in sign to the charge of the 

ion to be adsorbed and if the adsorbed compound is slightly soluble in 
the solvent involved’ (18). 

Hahn subdivided true co-precipitation with isomorphous replace- 
ment into two sub-groups: 

(1 a) precipitation or incorporation processes with true isomorphism 
or dimorphism of the components, and 

(16) incorporation into crystal systems in a manner suggesting iso¬ 
morphism, when it is known not to exist if the components are 
present in macro-concentrations. 

Precipitation by adsorption was also subdivided into: 

{2 a) adsorption processes where the precipitates have a large surface 
area, and 

(2 6) incorporation into ‘internal adsorption’ systems. 

(la) Isomorphous replacement. Precipitation of a micro-component 
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which forms an isomorphous system with the precipitate is always 
observed with radium and barium salts. It would also be expected in 
the precipitation of, for instance, element 87 (actinium K) with caesium 
compounds. 

Two rules expressing the behaviour of radium when barium salts are 
crystallized have been formulated. According to one, the distribution 
relationship in the crystal is logarithmic (21), whilst for the other it 
is homogeneous and follows the Berthelot-Nernst law of distribution 
(22). The logarithmic relationship may be expressed as 



where cj and cj are the initial concentrations of radium and barium in 
solution respectively, (cj—c^) and (c§—Cg) are the concentrations after 
separation of the crystals, and represent the amounts of radium 
and barium that have separated in the solid phase, and S is a constant. 
The homogeneous distribution may be expressed as 



where 0 is also constant. If O or S is greater than unity, radium 


concentrates in the crystal. 

It has been found (23) that the logarithmic distribution applies when 
a precipitate is formed slowly from saturated but not supersaturated 
solutions. The distribution implies that each layer of crystal, as it is 
deposited, is in equilibrium with the solution and that there is no ex¬ 
change between components in the interior of the crystal and the 
solution. Thus the composition of each layer is dependent only on the 
concentration of the components in solution at the instant of separa¬ 
tion. In the case of a radium salt formed in the presence of the more 
soluble barium salt, for example, when crystallization starts the crystals 
form in the presence of the initial concentrations c} and c§ ol radium 
and barium respectively, whilst subsequently the concentrations are 
(c5—Cl) and (eg—Ca). As a result, the individual crystals contain a higher 
proportion of radium at the centre, decreasing exponentially outwards. 
This type of distribution has been confirmed by auto-radiographs.f 
Although equilibrium conditions give a logarithmic distribution of 
activity, it has also been observed as a result of rapid crystallization 
from supersaturated solutions by vigorous stirring (24), for which the 


t Pliotographs of crystals containing radium made by the influence of the cmittod 
radiation on a photographic plate. 
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attainment of equilibrium is open to doubt. The homogeneous distribu¬ 
tion has been found during slow crystallization of radium and barium 
salts from supersaturated solutions which are not stirred (25). It was 
assumed that under these conditions equilibrium was not maintained, 
and hence the logarithmic law was not obeyed. A more complete 
explanation, however, of the difference between this type of crystalliza¬ 
tion and that obtained in rapid precipitation from super-saturated 
solutions has yet to be given. 

Although rapid crystallization from supersaturated solutions results 
in a logarithmic distribution, if the small crystals thus obtained are 
subsequently stirred in the solution for several hours, the radium 
becomes distributed homogeneously throughout the crystal and a 
Berthelot-Nernst distribution results (23). It is probable that this is 
due to recrystallization. A similar explanation, however, for slow 
crystallization from supersaturated solutions is not valid since it has 

been shown that the larger crystals obtained under these conditions 
do not recrystallize during the experiment (26). 

(16) Anomalous mixed crystals. The homogeneous incorporation of 
a micro-component by crystals occurs in cases where it is not expected 
on chemical or crystaUographic grounds. This is not a surface effect 
since inclusion is independent of the speed of formation of the precipi¬ 
tate and of excess of reagents, and the partition coefficient of the radio- 
active material between solution and precipitate is constant. Thus 
rhombic lead chloride is uniformly distributed in monoclinic barium 
chloride (BaCl2.2H20). Similarly, lead (ThB) is homogeneously in¬ 
corporated in crystals belonging to the sodium chloride lattice type 
such as sodium and potassium chloride and potassium bromide (27) 
but not in crystals of the caesium chloride lattice type such as the 
dihydrates of sodium chloride and bromide. Later experiments, how¬ 
ever, have shown that detectable amounts of inactive lead can be 
accommodated in crystals which incorporate thorium B. It is probable 
that there is a limited replacement of host cations by lead, but the 
maximum solubibty of the lead in the crystal is very low. 

(2a) Adsorption. Apart from solubiUty effects the Hahn Adsorption 
Rule stresses the importance of the charge of the ion of the micro¬ 
component and that of the precipitate (caused by adsorbed maoro- 
components) Many examples could be quoted to illustrate this rule 

Is ofe*" h- h ’ mentioned 

as which IS particularly interesting (18). When silver iodide is 

precipitated by potassium iodide in the presence of thorium B (lead) 
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the amount of the latter carried down depends on the method of 
precipitation. If insufficient potassium iodide is added to precipitate 
all the silver ions, the latter are adsorbed by the precipitate, which 
repels the lead ions. Under these circumstances only 2-5 per cent, of 
the thorium B is adsorbed. Using an excess of potassium iodide, how¬ 
ever, iodide ions are preferentially adsorbed and the precipitate attracts 
the lead ions, leading to about 75 per cent, adsorption in the presence 
of 50-100 per cent, excess of potassium iodide. As the excess is in¬ 
creased further, the adsorption of thorium B decreases, until in the 
presence of a 2,400-fold excess, the lead cation is converted to the anion 
PblJ", and only 1-9 per cent, of the lead is carried down. 

The explanation of surface adsorption based on the effects of charge 
and low solubility alone is, however, not always satisfactory since ad¬ 
sorption is sometimes observed when the precipitate and the ion are 
similarly charged (particularly when the adsorbent has a large surface 
area). In such cases the relative sizes and deformability of the ions 
and the concentration of the adsorbed ion, as well as considerations of 
solubility, are all factoi-s which must be considered (28, 29), 

(26) Internal adsorption. The fourth type of co-precipitation, often 
called ‘internal adsorption’, can best be distinguished by the auto¬ 
radiographic method. The crystals are often large (and therefore with 
small surface development) and show a non-uniform distribution of the 
radioactive material which is often concentrated along certain internal 
surfaces or areas of the crystal. Different elements concentrate at 
different surfaces, but the behaviour of a given element is consistent. 
The partition coefficient of the micro-component between the crystals 
and solution is in some cases reasonably constant, but is larger and in 
favour of the precipitate if precipitation is rapid. If the precipitate is 
redissolved and recrystallized more slowly, less radioactive material is 
included in the crystal. In the majority of cases the micro-component 
is associated vdth an ion with which it forms an insoluble compound 
in macro-concentrations or under conditions which favour hydrolysis; 
in this there is a close similarity to radio-colloidal behaviour (see p. 21). 
Polonium, which is readUy hydrolysed, has a marked tendency to this 
form of precipitation. Similarly radium and lead also exhibit this 
phenomenon during the crystallization of ammonium and alkali sul¬ 
phates and dichromates (1). Internal adsorption should be distin¬ 
guished from mere inclusion of mother liquors in the crystal, for which 

no regularities are observed. 

Cations which form compounds of low solubility with adsorbed anions 
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are not the only species adsorbed strongly. Valency of the ions has a 
pronounced effect and as is common in all forms of adsorption from 
solution (e.g. chromatography and ion exchange), ions of high valency 
are most strongly held on the adsorbent. Table 1.1 gives some observa¬ 
tions of Imre on the adsorption of ions of different valency on freshly 
precipitated and negatively charged silver iodide (30). 


Table 1.1 


Adsorption of radium, actinium, and thorium on charged silver iodide 


Hydrogen-ion 

concentration 

Per cent, adsorption 

Ra*+ 

Ac®+ 

Th*+ 

0005 

7-9 

76-2 

100 

005 

Very little 

25-1 

100 

010 

0 

70 

50-5 


It is not possible to include here a discussion of the variation of 

properties of the adsorbent with time, for which reference should 
made elsewhere (30, 31). 


the 

be 


B. Adsorption of micro-components on preformed precipitates 

The discussion hitherto has been concerned with crystalline precipi¬ 
tates, but adsorption on normal and preformed gelatinous precipitates 
of large surface area is very efficient. In a complex mixture of carrier- 
free radio-isotopes it is possible to separate elements which form soluble 
hy^ox-ides from those which do not. A small quantity of one of the 
salts of the element to be separated is added to the solution to act as 
a hold-back carrier. A few milligrams of a ferric salt is then added and 
ferric hydroxide precipitated in alkaline solution. The gelatinous preci¬ 
pitate adsorbs the major fraction of the other activities leaving in 
solution the element for which the carrier was added. Strongly electro¬ 
positive ions such as caesium also remain in solution together with some 
of the amons, which are usuaUy not adsorbed. This use of ferric 
hydroxide IS referred to as ‘scavenging’. Other scavenging agents are 

tLn effi • hydroxide and manganese dioxide. Provided 

there is efficient stirring, a ‘preformed ’ precipitate is usually as efficient 

s one formed %n situ. Other adsorbents such as charcoal, silica gel 

raffiThem r’ T r I scavenging agents, but their use ffi 

^ochemistry has not been extensively reported (32). 

added when preformed precipitates are 

dolv Sim I r “u radiotracer concentrations is 

osely similar to behaviour in precipitation reactions. Preformed 
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precipitates are usually made in separate vessels and subsequently added 
to the solution containing the micro-component, but it is convenient to 
regard as preformed a precipitate obtained by the interaction of two 
reactants at the interface of their solutions. Thus if a solution of a 
ferric salt is carefully added to an alkaline solution, ferric hydroxide 
forms at the interface between the two solutions, but on subsequent 
stirring appears to the remainder of the solution to be preformed. 

The Paneth rule (see p. 5) governing adsorption is very similar to 
the Fajans Precipitation Law. It ascribes adsorption of radioactive 
components on precipitates to low solubility of the compound formed 
between the radiotracer cation and the anion of the precipitate (or vice 
versa), but like the precipitation rule it is inadequate in some cases. 
The anomalies are to some extent explained by Hahn’s Adsorption 
Rule (see p. 6). For instance, the adsorption of thorium B on pre¬ 
formed silver iodide is analogous to that obtained when silver iodide 
is precipitated (28) in the presence of thorium B (see p. 8). Neverthe¬ 
less, it was not long before examples were found which did not conform 
to the Hahn Adsorption Rule. Thus lead was adsorbed to a considerable 
extent on silver oxalate and phosphate, even in the presence of excess 
silver ions under conditions where a positive charge would be expected 
to reside on the surface of the precipitate (28). The behaviour of any 
particular system may depend on such factors as the formation of 
anomalous mixed crystals, internal adsorption, clianges in surface 
development or of the polar nature of the crystal, and each example 
must be discussed on its own merits. As an example of the influence 
of the polar nature of the crj^stal, mercurous bromide, which does not 
have an ionic lattice, absorbs very little thorium B even in excess of 
bromide ion, although under identical conditions polar silver bromide 

absorbs 90-97 per cent, thorium B (19). 

C. Solvent extraction 

Solvent extraction methods of isolating radioactive material are often 
used because of the ease and speed of manipulation, factors which are 
particularly important when handling radioactive material of short life 
or high activity. It was shown by Seaborg and Graham (33) that the 
micro-components distribute themselves between two solvents with the 
same value of partition coefficient as when present in higher concentra¬ 
tions. (This, of course, is only true when simple partition takes place, 
without the formation of complexes, dissociated species, etc., in one of the 
phases, as occurs in aqueous ferric chloride.) The partition coefficients 
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of radioactive gallium, cobalt, and manganese chlorides between 
ether and dilute hydrochloric acid solution were unchanged when the 
concentration was varied from tracer amounts to fractions of a milli¬ 
gram per millilitre. A similar result has been obtained using thorium 
(UXj) nitrate. 

Solvent extraction can be very selective, as for example in the extrac- 
tion of radio-iodine and -bromine (34) with carbon tetrachloride from 
an aqueous solution of the fission products of uranium. Some of the 
bromine is present as bromate and the iodide as iodate or periodate (35) ■ 
these must first be reduced to the bromide and iodide, and the hafide 
oxidized to the free halogen before extraction. 

In some circumstances solid-liquid partition is possible. Radioactive 
^Na, obtained by nuclear bombardment of magnesium (as carbonate) 

IS completely extracted by washing with water (36). Similarly 32p may 
be extracted by a nitric acid wash of irradiated sulphur (37). 

The formation of organic complexes which are readily soluble in 
organic liquids greatly extends the scope of solvent extraction methods. 
The selectivity of the separation naturally depends on the number of 

on their partition coeffi- 
cients. For instance, when an amyl acetate solution of sodium diethyl 

dithiocarbamate is shaken with a solution of thorium nitrate and its 
daughter products, lead and bismuth diethyl dithiocarbamate are ex¬ 
tracted. Further purification of bismuth and lead from impurities is 
possible by shaking the organic layer with a smaU volume of a 10 per 
cent solution of ammonium carbonate, when those elements forming 
soluble carbonates pass back into the aqueous phase. 

Since many metals form organic complexes, this method is of wide 
application, but although considerable numbers of complexing agents 
suitable for identifying a given metal (by colour or by precipitation) 
are kno^vn, there is relatively little information on the partition of such 
complexes between water and an organic solvent. In many cases, 
herefore it is necessary to investigate the efficiency of extraction of 

^ the organic complexing agents varies 

vlrietv’''f fo>-n>s compounds with a wide 

variety of metals, the majority being soluble in chloroform. In a com¬ 
plex mixture of metals, therefore, cupferron would not, in general, be 

plexes vnth Mn Co Ni, Zn, Cu, Cd, Pd, Ag, In, Sn=- Pt^- Au, 

arf’suffi ’ tT I conditions of formation of the dithizonates 

are sufficiently different to make practical separations possible 
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Although complexing agents are of general utility in the purification 
of radiotracers, simple partition methods are also possible in the case 
of a number of simple inorganic salts. Thus the chlorides of iron, 
molybdenum, gold, and gallium are all soluble in ethyl ether, and can 
be extracted from aqueous solution by partition with this solvent. 

D. Volatilization 

Rapid and complete separation of radioactive materials can be made 
by volatilization when the required product and the remaining material 
have widely differing vapour pressures, a condition which somewhat 
limits this method. A good example of this type is the separation of 
ruthenium from the fission products of uranium (see p. 220) by boiling 
with perchloric acid or potassium permanganate, thus oxidizing ruthe¬ 
nium to the volatile tetroxide (38). Volatilization in a high vacuum is 
possible in some cases; for instance, radio-cadmium, produced by 
deuteron bombardment of silver, is volatilized completely from a 
metallic silver target by heating to 900° C. in a vacuum (39). 

Liberation of gaseous molecules containing the active element has 
been used. The separation of is usually accomplished by the distilla¬ 
tion of carbon dioxide from the ammonium or calcium nitrate target 
material (40). Another example is radioactive iodine which is made 
by neutron irradiation of tellurium (41). The active iodine can be 
separated (42) after solution in a chromic-sulphuric acid mixture. 
This treatment oxidizes the iodine to periodate. The latter is subse¬ 
quently reduced by oxalic acid to iodine which is distilled off in a pure 

state. 

E. Electrochemical methods 

As a result of the low surface areas of massive metals used as elec¬ 
trodes in electrochemical separations, contamination by adsorption 
from solution of micro-components separated by electrochemical or 
electrolytic processes is usually small. Electro-deposition (with or with¬ 
out the use of an external current) may be performed either in the 
presence or in the absence of carrier. Haissinsky (43) has demonstrated 
the electrochemical separation from solution of pure radioactive copper 
(produced by the neutron bombardment of zinc) on a revolving lead 
sheet, and a similar result has been obtained by electrolysis on to a 
metallic catliode (44). Polonium (45) may easily be removed from 
solution by deposition on metaUic foils (e.g. copper, platinum, and 

silver). 
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AppUcations of the Nemst equations to the deposition of elements 
from very dilute solutions (lO-io-lO-is molar) is not simple. The results 
obtained using polonium (46), for instance, are difficult to interpret since 
it exists in several valency states (both anionic and cationic), forms 
complexes, and is also readily hydrolysed. Haissinsky, however, claims 
that the Nernst equation is valid for bismuth in radiotracer concentra¬ 
tions (47). A reliable test of the Nemst equation in these low con¬ 
centrations is usually difficult to make because the amounts of the 
deposited ion and the inactive isotopes with which it is contaminated 
are below the limits of chemical detection. 


Although not directly related to electrochemical procedures, the col¬ 
lection of radioactive daughter products by recoU is conveniently dis¬ 
cussed here. When a radioactive atom disintegrates, the daughter atom 
recoik with a momentum equal to that of the emitted particle, and for 
a-emitters the daughter may have a range in air of several tenths of 
a millimetre. Even if initiaUy uncharged, the daughter soon acquires a 
charge by electron transfer, and may be coUected by application of 
a suitable electric field (48). The daughter disintegration products of 
radon have been coUected in this way. The method is, however, compU- 
cated by the daughter carrying several parent atoms with it during 
recoil (so-caUed aggregate recoU, 49), and the efficiency of coUection 
of the recoU atoms from a ‘ weightless ’ clean source on a surface-poUshed 
mount varies from 60 to 90 per cent., depending on the conditions such 
as the nature of the coUectmg surface and the active deposit (50) 
RecoU methods without the use of a coUecting electric field are also 
possib e. The recoU energy of the daughter atoms after ;8-decay is very 
small (usuaUy less than an electron volt), and the product is uncharged 

,/u ^ coUected on a convenient surface in a high vacuum 

although the efficiency of coUection (52) is not usuaUy higher than 6 
per cent. The condition of the emitting and coUecting surfaces is im¬ 
portant, smce atoms of low energy are likely to be scattered or reflected 
more easily by unpoUshed surfaces (53). In favourable circumstances 
It IS possible to distinguish between two or more recoU daughters by 
he degree to which they penetrate matter. This has been elegantly 
demonstrated in the bombardment of plutonium with neutrons in vacuo. 

wte tli® T in fission of the plutonium atoms 

were aUowed to penetrate very thin plastic films in which the less 

ergetic particles were absorbed. By use of absorbers of different 
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F. Chromatography and ion exchange 

Although the separation of inorganic ions by chromatography on 
columns of alumina, cellulose, kaolin, 8-hydroxyquinoline, and powdered 
charcoal is a relatively modern development, many examples are now 
available (55). Several kinds of chromatographic separation are pos¬ 
sible. First, the ions, previously adsorbed on the top of the alumina 
column, may be separated in favourable cases by passing an acid or 
a solution of a more strongly adsorbed ion down the column. The 
separations achieved depend on the affinity of the ions for the adsorbent, 
and follow the rule that ions of highest valency are held most strongly. 
The separation of ions by this method may be increased by use of com- 
plexing agents (see p. 19). 

In another method known as ‘ partition chromatography ’ the column 
is treated with the mixture of ions in an aqueous solution and develop¬ 
ment is performed with a second solvent or with a solution of a com- 
plexing agent in a second solvent. This method was originally used in 
the separation of complex organic mixtures such as protein hydrolysates 
(55). Up to the present, few applications of this method have been 
made in the field of inorganic chemistry, but Linstead et al. (56) using 
cellulose columns developed with organic solvents (such as ether and 
n-propyl ketone) containing acid have achieved the separation of many 
inorganic mixtures, for instance, copper, tin, arsenic, and antimony; 
and gold, platinum, and palladium from iridium and rhodium. The 
mixture of ions is adsorbed on the cellulose, previously conditioned 
with nitric acid, and an organic solvent containing nitric acid is allowed 
to run down it. The ions separate into bands which are either visible 
or can be made visible by use of a developing agent. 

Although a method of great versatility, chromatographic separations 
on alumina, etc., have seldom been applied to the purification and 
separation of radioactive materials. An example is the use of basic 
alumina columns to investigate the ionic state of element 43 under 
different conditions (57). Radio-lanthanum and radio-praseodymium 
obtained from the fission products of uranium have also been partially 
separated on an alumina column (58). Chromatographic adsorbents 
should nevertheless be kept in mind as alternatives to the ion exchange 
materials by which they have been in many cases superseded. 

Because of their great simplicity, ion exchange methods are becoming 
very common in radiochemical investigations not only as methods of 
separation but also for other purposes, such as the determination of the 
valency state of a radio-element in ultramicro-concentrations. The use 
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of ion exchange material is very extensive, and a complete discussion 
is out of place here. Reference should be made to a recent review (59). 
Ion exchange may take place either by exchange of a cation or of an 
anion, and exchangers are known which react in the following way, 
where R is the non-reactive part of the exchanger (monovalent), M”+ 
is a cation in solution, and X an anion: 


wRS 03 H+M«+-^ (RS 03 )„M+nH+ 

nRCOOH-(-M«+-> (RCOO)„M+ 7 iH+ 

nROH (phenolic)+M"+-> (RO)„M+wH+ 

nRNH20H+nH++X«--> (RNH3),,XH-7 iH20 

nR3N0H+X"--> (R3N)„X+nOH- 


(1.3) 

(1.4) 

(1.5) 

( 1 . 6 ) 
(1.7) 


Of the cationic exchangers, those containing active sulphonic acid 
gioups (1.3) can be used over all pH ranges, those with carboxylic 
groups (1.4) from about pH 4 upwards, and those with phenolic groups 
(1.5) from pH 8 upwards. Exchangers are known containing all three 
active groups. An anionic exchanger may be weakly basic (1.6), in 
which case anions may be removed only from acid solution, or it may 
be strongly basic (1.7), when it is possible to remove the chloride ion 
from a neutral solution of sodium chloride to give caustic soda. 

The non-reactive part of the exchanger (R) in the majority of the 
synthetic materials available consists of a cross-linked structure made 
by condensation of a sulphonated phenol with formaldehyde (in the 
case of cationic exchangers) or with an amine (in the case of anionic 
exchangers). In some cationic exchangers the cross linkage is developed 
by a polymerization of a substituted divinyl benzene. 

Ion exchangers are also known which contain no organic material. 
These are alumino-silicates, and may be either synthetic (formed by 
precipdation of sodium silicates with aluminium sulphate) or naturally 
occurring (e.g. glauconite). Cationic exchange may occur in alumino¬ 
silicates, but they are not so efficient as the synthetic materials. No 

naturally occurring anionic exchangers are available for experimental 
use. 


Ion exchange material may be used either under column operation 
or with a batch technique, depending on the experiment. If used in 
a column, the procedure is similar to normal chromatographic practice, 
but because of the relatively simple laws governing the exchange of 
ions it is possible in many cases to predict the behaviour of a given ion 
from the physico-chemical constants governing the exchange (60, 61). 

An important difference in the behaviour of macro-amounts and 
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ultramicro-quantities of material occurs with ion exchange even for the 
same ion. This will be understood if one considers the laws governing 
the exchange of two ions, say, sodium and hydrogen. If the suffixes 
R and S indicate the ions in the exchanger and in solution, the exchange 
may be written 


Na^+H^f=^H++Na^ 


( 1 . 8 ) 


and the mass action constant governing this exchange is given by 



(^Na+)s 


(1.9) 


where the a values are thermodynamic activities. For any exchange 
between ions of similar valency, an analogous relation is obtained, from 
which it may be seen that the exchange equilibrium is independent of 
the absolute concentration and determined only by the ratio of the 
equilibrium concentration of the exchanging ions. For e.xchange be¬ 
tween ions of different valency, e.g. barium and hydrogen, for which 
the mass action constant is 


(®Ba*+)s (®h)/J 


( 1 . 10 ) 


concentration does have an effect, the ion of higher valency being the 
more strongly adsorbed the lower the concentration. 

In ultramicro-concentrations, simplifying assumptions can be made 
for the thermodynamic activity of one of the exchanging ions. Thus, if 
an exchanger in which all the labile groups are in the hydrogen form 
(i.e. hydrogen-saturated) is used to remove sodium ions of radiotracer 
concentrations, the thermodynamic activity (aH+)s of hydrogen ion 
in solution may be assumed to be equal to that of the same solution in 
the absence of tracer, and similarly the thermodynamic activity of 
the hydrogen ion in the exchanger (au)^ is equal to that in the com¬ 
pletely hydrogen-saturated form. Hence ^^d (an)/; are constant, 

so that equation (1.9) becomes 

(^Na)/? = ^u^’(^Ntt+)s. (1-11) 

where k is a constant depending on the concentration of acid in solution. 
An equation of similar form may be obtained for exchange of ions of 
different valency, and also for adsorption of ultramicro-quantities of 
material on any adsorbent, assuming a Langmuir or a Freundlich ad¬ 
sorption isotherm. The proportionality of (a^al/f to {ay^+ls 
the approximately linear adsorption isotherm obtained at very low 

concentrations. 


5197 
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Equation (1.11) has three consequences for the removal of ultramicro- 
quantitiea of radiotracer material by an exchanger. 

(a) Since an equation of similar form is obtained for all ions of 

ultramicro-concentrations, each ion will behave entirely independently 
of the others. 


(b) At eacli radiotracer concentration [{a^)^], there is a definite amount 
of material which can be adsorbed [(a,)^]. If efficient removal of a 
radiotracer from solution is required, the exchanger must not contain 
any of that tracer from a previous experiment. Complete removal from 
the exchanger is difficult, and this often accounts for the apparent loss 
of efficiency of an exchanger in use. 

(c) Since there is a maximum capacity of an exchanger at 

each tracer concentration the distribution of material down a 

chromatographic column of exchanger will be greatest at the top and 
decrease slowly down the column. Although from equation (1.11) it 
IS clear that complete absorption by, or removal of, material from a 
column is not possible, in practice losses can be made negligible. The 
length of column required to remove ultramicro-quantities of material 
from solution depends on the values of k and if„, but practicaUy com¬ 
plete removal may be ensured by use of sufficient exchanger. Even 

though all except about lO-® g. or less of the exchanger is in the hydro¬ 
gen form, losses may otherwise occur. 

Ion exchangers have been used so extensively in radiochemistry that 
some account of their general application is necessary. It should be 
appreciated, however, that the examples given below represent only 
a selection. A more complete discussion will be found elsewhere (59). 

Removal of simple inorganic ions. Perhaps the simplest application 
of ion exchangers is in the separation of ionic and non-ionic substances. 
Zircomum often exists in solution in a non-ionic form, and may be 
easily separated (in macro-concentrations) from ions such as iron 
titanium, beryllium, and lanthanum which are held by a cationic ex- 
c anger. The zirconium colloid passes through unchanged whilst the 
ions are taken out of solution (62). In radiotracer concentrations it 
has been reported (63) that zirconium is held by a cationic exchanger 
but It is not clear whether this is due to its adsorption as a colloid or 
to ionic e.xchange. By anionic exchange, chromium, gold, iron, molyb¬ 
denum, palladium, platinum, and vanadium have been recovered from 
so utions as complex anions (64), leaving exclusively cationic metals in 
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Separation of ions. The separation of ions by exchange depends on 
the differences in affinity of the exchanger for the different ions, i.e. on 
the differences of the exchange constants. Whilst a number of exchange 
constants for various exchangers are kno^vn (65) and the behaviour of 
the ions in a column can to some extent be predicted (66), in a large 
number of cases it is necessary to rely on the following general rules: 

(a) as with non-ionic adsorbents, ions of high valency are more 
strongly adsorbed than those of low valency, e.g. 

TM+ > AP+ > Ba-+ > Na+ and POJ- > SOJ- > Cl-; 

{b) for ions of the same valency, those of smallest ionic size (when 
hydrated) are most strongly adsorbed, e.g. 

Li+ < Na+ < K+ < Rb+ < Cs+. 

However, if ionic equUibria such as XY|^ ^ XY^+^-Y- exist in solu¬ 
tion these rules may to some extent be modified. 

The usual method of separation is to percolate a mixture of the ions 
through a column in the hydrogen (or sodium) form so that they become 
absorbed as a thin band on the top of the column. The band is then 
resolved into strata of the component ions by elution with acid (or 
sodium chloride). Some remarkable separations have been obtained in 
this way. A typical example (67) is the separation of manganese and 
copper by elution with acid from a column of ‘ Zeokarb . 

Separation with complexing reagents. In some cases simple elution 
is not sufficiently specific for complete separation and better results are 
obtained if a complexing reagent is added to the solution. Its function 
is not only to reduce the ionic concentration of the different ions in 
solution but also to introduce a secondary equilibrium between ionized 
and complexed species. The differences in the stability constants of 
the complexes of the several ionic species results in different concentra¬ 
tions of the free ions and enables a separation to be effected. Probably 
the best known example is the separation of the rare earths by elution 
with eitric acid at a controlled pH (68). They are removed {vom the 
column in the reverse order of the atomic weights and are sufficiently 
differentiated for pure fractions of each to be obtained. 

Analytical uses. As a result of the work of Samuelson (69) a number 
of analytical uses of ion exchangers have been developed. In general 
they have been confined to macro-quantities of material, but some are 
directlj'^ applicable to radiotracer concentrations. For instance, vana¬ 
dium (as vanadate) may be separated from the alkali metals by passing 
the solution through an ammonium exchanger (70). Similarly the 
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determinations of iron and aluminium in the presence of phosphate (71) 
is simplified by the use of exchangers. 

A number of applications for the analysis of traces have been re¬ 
ported. Traces of copper, cadmium, nickelous, zinc, and manganese 
ions in approximately lO-^* molar concentrations in 0*1 N ammonium 
phosphate can be adsorbed on an exchanger and subsequently removed 

by acid washing with practicaUy complete recovery (72), freed from the 
troublesome phosphate. 

Separation of isotopes. The classical work of Urey and Taylor (73) 
established that tlie lithium isotopes could be separated by ion exchange 
on columns of naturally occurring zeolites; the ’Lir^Li ratio was in¬ 
creased from 11*7:1 for natural lithium to 12*3-13-3:1. Glueckauf (74) 
has extended this work and obtained considerably greater enrichment 

under conditions especially favourable to separation (slow flow rate and 
very fine grain size). 

In radiochemistry the separation of isotopes during ion exchange is 
not great and can in general be ignored. In normal practice the 
boundary disturbances caused by diffusion of the ions in solution and 
in the exchanger (accentuated by large particle sizes and fast flow rates) 
always result in diffuse boundaries which prevent any isotopic separa¬ 
tion except in especially favourable circumstances. 

Determination of the valency state in radiotracers. An important use 
of ion exchangers in radiochemistry is the determination of the chemical 
state of the radiotracer. By studying the behaviour of an unknown 
radio-element under different conditions, it is possible to determine 
whether it is cationic, anionic, or present in some other form (e g 
colloidal or complexed). A fair idea of the valency may often be obtained 
by comparison with the behaviour of ions of known valency and basicity 
and in some cases particular elements can be identified. For example 
(75), examination of the order of citric acid elution of activities obtained 
from neutron bombarded praseodymium and neodymium has led to the 
identification of two isotopes of element 61. 

A number of physico-chemical properties of radioactive material in 
ultramicro-concentrations have also been investigated. Schubert and 
Richter (76) have shown that the dissociation constants of complexes 
may be accurately determined. Vanselow (77) and later Schubert (78) 
explored the use of ion exchange material in measuring the thermo- 
d:^amic activities of ions present in radiotracer concentrations in 
solution. The advantage of this method is that no more of the element 
than is radiochemically measurable is required. 
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G. Radio-colloids 

Anomalous behaviour is often observed when a micro-component is 
present in a solution in which it would be soluble with diflficulty or 
extensively hydrolysed if present in macro-concentrations. For ex¬ 
ample, when an aqueous solution containing lead (radium D), bismuth 
(radium E), and polonium is dialysed, lead penetrates the membrane 
whilst bismuth and polonium do not. This was attributed by Paneth 
(79) to the existence of lead as simple ionS; whilst bismuth and polo¬ 
nium were hydrolysed to form colloids. When hydrolysis is suppressed 
by addition of hydrochloric acid, bismuth and polonium dialyse as 
expected of simple ions. It was also possible to distinguish between the 
ionically migrating lead and the slower cataphoretically migrating col¬ 
loidal polonium (80). 

When the radioactive micro-components of a solution show such 
colloidal properties, they are said to exist as ‘radio-colloids’. If a 
‘ solution ’ of a radio-colloid is spread on a photographic plate (protected 
from the solution by a thin sheet of a suitable material) and the plate 
developed after a convenient interval, it is seen by the action of the 
emitted particles on the emulsion that the radioactive material con¬ 
centrates in small local centres. As the solution is progressively acidified 
the number of centres decreases until, in sufficiently strong acid, none 
are observed and the plates are uniformly fogged (81). Any reagent 
which causes the formation of ions (simple or complex) has the same 
effect and suppresses the colloidal behaviour. Sodium chloride and 
mannite (82) have been used for this purpose in the case of bismuth 


(ThC). , . u 1 • 

When a solution of polonium is allowed to stand undisturbed, it is 

found that there is an inhomogeneous distribution, the lower part of 

the solution containing more polonium than the upper (83). This 

behaviour suggests the sedimentation of relatively heavy particles and 

confirms the colloidal behaviour apparent on dialysis and electrolysis. 

The size of the particles has been estimated from diffusion experiments 

to be of the order of 10"® cm. diameter. The sedimentation of the 

particles can, of course, be accelerated by centrifuging the s^tion. 

when the particles settle on the walls of the containing vessel (84). By 

measuring the radioactive content of the solution before and after 

centrifuging, the amount of material in the radio-colloidal form can be 


estimated. 

The formation of radio-colloids also accounts for the 
of the rate of diffusion of apparently ionic species. 


suppression 
The earliest 
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experiments were reported by Hevesy (85), who investigated the diffusion 
rates of polonium, lead, etc. More recently the diffusion of some of the 
fission products of uranium has been studied, thus extending the work 
of Hevesy to some of the lighter elements. In sulphuric acid solution 
the diffusion coefficient of barium was found to be much lower than 
expected from experiments in nitric acid solutions (86), whereas stron¬ 
tium gave comparable diffusion rates in both solutions. This was pre¬ 
sumed to be due to the formation of radio-colloids in sulphuric acid 
solutions of radio-barium sulphates which (in view of the higher solu¬ 
bility of strontium sulphate) is intrinsicaUy less likely for strontium. 

The use of ion exchange in the investigation of radio-coUoids has 
already been mentioned. Whereas the amount of a truly ionic species 
taken up by an exchanger decreases as the concentration of bulk 
electrolyte IS lowered, a radio-coUoid still remains appreciably absorbed. 

his IS weU illustrated by a comparison of the behaviour of ionic stron¬ 
tium with radio-coUoidal niobium, both elements being carrier-free and 
m the presence of uranyl nitrate from which they were produced as 
fission products (86). At a concentration of 0-1 molar uranyl nitrate 

strontium was held on a cationic exchanger 
whilst 40 per cent, of the zirconium and 70 per cent, of the columbium 
were adsorbed. In 0-73 molar uranyl nitrate, however, the exchange 
of ionic radio-strontium was completely suppressed whereas the adsorp¬ 
tion of ^obium mcreased to 80 per cent. Such behaviour offers a con- 
vement method for the separation of ionic and coUoidal species. 

complete explanation of radio-coUoidal behaviour is stiU in dispute 
Zsigmondy and his co-workers (87) beheve that it is due to adsorption 
on the microscopic dust and siUca particles normally present in water 
and in support of this is the fact that the formation of radio-coUoids’ 
s suppressed by purification of water (e.g. by distiUation or by centri- 

coUoidal particles are formed (79, 88). It has been suggested that in 
radiotracer concentrations there are insufficient radioacLe atoms to 

colloids b^t th - f necessary in 

show ; r " . "" ^ calculation wiU 

ow^ A more profound objection (except for the most insoluble com- 

rxceeded ?nd1n *he coUoidal substance is not 

partTcts irsnl h d^««rete 

LSs (£) N ^ ’V influencing the formation of 

colloids (91). No exact correlation between solubiUty and coUoidal 

properties has yet been attempted, and it is probable that other “ 
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must be considered. A reconciliation between the two views of the 
formation of radio-colloids must await further investigation. 

Due to the simplicity of the experimental procedure, the study of 
radio-colloidal behaviour is a convenient approach to such problems 
as the approximate pH of precipitation of hydroxides, the formation 
of soluble complex ions, and the formation of insoluble compounds. 
The suppression of radio-colloidal properties is of obvious practical 
importance in maintaining standard solutions of radioactive material. 
Addition of sufficient acid will prevent hydrolysis of most elements, but 
in the case of material insoluble in acid, such as radium sulphate, every 
effort must be made to eliminate ions which form insoluble compounds 

with the micro-component. 


3. The Use of Radio-elements in Chemical 

Investigations 

The use of radio-elements in chemistry faUs generaUy under two 
heads. We shall consider first those problems the solution of which is 
faciUtated by the use of a radiochemical technique but which could 
have been solved by methods already known to chemistry. A second 
group (though there is no sharp division between the two) includes 
examples in which a radiotracer technique supplies unique informatmn 
which can be obtained by no other method (with the possible exception 
in some cases of the use of enriched stable isotopes). The first topic 
(sections A and B) is mainly a discussion of the use of radiotracers as 
an analytical tool used either for detecting amounts of material well 
below the limits of normal analytical procedures or when known 

methods are tedious, inaccurate, etc. 


A. The discovery of new compounds 

Historically this was one of the earliest advances resulting from the 
use of radiotracers. Paneth (92) was able to show that bisniuth formed 
a hydride analogous to the other members of the group V B (nitrogen, 
arsLic, and antimony). When magnesium turnings impregnated with 
thorium C (2'*Bi) were treated with acid, a radioactive body o s 
life was found in the gases evolved after removal of spray The actn e 
gas could be condensed in liquid air, was decomposed by oxidizing 
Agents, and on passage through a hot tube left belund a ■'adioactue 

deposit. After obtaining the best conditions for the 
radioactive bismuth hydride (BiH 3 ). Paneth wa,s able 
the formation of inactive bismuth hydride, although the jield «.s 
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exceedingl^y small (93). This type of investigation can be extended to 
the formation of volatUe compounds of other elements. For instance if 
a mirror of an element containing radioactive isotopes is prepared and 
treated with a gas containing free radicals, the formation o/a volatile 
compound can be detected by the transference of the radioactivity 
Similarly the presence of free radicals formed in volatile compounds 
may be detected by the same method (94). 

The two phases need not necessarily be gas and solid. The formation 
of an extractable compound of a radiotracer on shaking an aqueous 
olution with an immiscible solvent can be detected vefy rapier 
the appearance of radioactive material in the non-aqueous phLe 
The elements 43, 61, 85, and 87 so far as is known exist only as radio 
otive isotopes. Their chemistry was investigated untU recently otly 

vLtS^ti methods of co-precipitation, solvent 
volatilization, etc. However, both elements 43 and 61 have now 

isolated in weighable amounts and it is possible to correl t r 

investigations with macro-chemical behaviour. A great acWevl^ntTf 

racer technique has been the elucidation of the chemistry of neptunium 

p onium, americium, and curium (elements 93-96). Although the' 

chemistry and isolation of plutonium was originally invested us^n! 

only radiotracer quantities, the methods of exLcti^ha'fbee^^^^^^^^^^ 

up several thousand times without significant changes for the extrac- 
tion of plutonium on the plant scale (95). 

B. Analytical procedures 

io illustrate the first case, if element A I'c u 

:t™dtcit^iro7o^ ofHTo°^i r- of a kVoraru::rf 

of separation to be 

prerphatet'fZed frl SluTonTcontei' 00010 ^ 0^00 

and rapidity of this technique and thTuck of oase 

makes it a useful method, particularly in micro” h^^rwlrlwle^ 
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detection of impurities is difficult on account of the small size of samples. 
This method frequently reveals errors and inaccuracies in methods 
otherwise regarded as satisfactory due to the cancellation of a number 
of errors. 

Impurities in inactive material may be detected under favourable 
circumstances by irradiation with neutrons or by bombardment with 
charged particles. The impurities become radioactive and by determin¬ 
ing the radiochemical characteristics of the radiation (half-life, energy, 
etc.) the nature and amount of impurity may be characterized. The 
method has limitations since unless chemically separated before measure¬ 
ment, the activity obtained from the impurity under a bombardment 
must be readily detectable in the presence of any activity produced 
from the bulk of the material. Seaborg and Livingood (96) were able 
to detect six parts per million of gallium in iron by the "‘’Ga and 
activities induced under deuteron bombardment. The method has use 
in the detection of one rare earth in another, e.g. 1 per cent, of dys¬ 
prosium was detected in yttrium by the presence of the '®®Dy activity 
(97) and similarly europium has been detected in gadolinium (98). 

The use of radiotracers in quantitative analysis has not hitherto been 
widespread, but potentially the method is of wide applicability. If the 
weight (mJq) of an inactive substance 3 present in a mixture is to be 
determined, a known weight (ic) of a mixture of inactive and radio¬ 
active 2 is added. A chemically pure sample of 2 is then separated and 
its weight (p) is noted. The specific activity (radioactivity per unit 
weight) of the chemically pure separated fraction (*S^) is estimated, 
together with the specific activity (5J of the material («') originally 
added to the mixture. Hence, 

total weight of 2 i n mixture 
p ~ weight of pure sample of 2 isolated 

total activi ty added _ 

” activity of pure fraction isolated 


Rearranging we get 


a 


n 


a 


p 




(1.1.3) 
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Thus the weight {Wq) of inactive 2 in the original mixture can be 
estimated. An essential condition is that a chemically pure sample of 
z can be separated and weighed. The use of this method in organic 
analysis has been elegantly demonstrated by Henriques and Margnetti 
(99). They analysed a mixture of dibenzyl sulphide, sulphone, and 
sulphoxide (which can be separated into pure fractions by fractional 
crystallization) by adding small known amounts of these compounds 
containing active sulphur atoms. Using known mixtures it was shown 
that the method was accurate to ±2 per cent. is not an ideal choice 
because of difficulties of measurement but nevertheless gives satis¬ 
factory results. This so-called ‘Isotopic Dilution Method’ is potentially 
useful in many organic analyses, for instance in the analysis of protein 
hydrolysates using The difficult separations necessary in some in¬ 
organic procedures can also be avoided sometimes. For instance, the 
analysis of niobium and tantalum in mixtures of each other is normally 
performed by the tannin method ( 100 ). Since pure fractions of either 
niobium or tantalum can readily be obtained in one stage, the isotope 
dilution method can be used (see Experiment 18a). 

Radioactive tracers may be used as a method of micro-chemical 
analysis, e.g. to determine very low solubilities or very low vapour 
pressures. For example, if a small sample of barium sulphate (of weight 
w) containing a known amount of ^3®Ba (of activity a) is shaken with 
a known volume (?;) of water and the radioactive content (a') of the 
saturated solution determined, then the solubility of barium sulphate 
is given by 

w a 

— X—. 

a V 

Great care must be taken to avoid errors due to adsorption. For 
example, the solubility of radium sulphate has been determined ( 101 ) 
by this method as 2*1x10-® g./lOO ml. at 25°. Later the value was 
redetermined (102) by another method as l*4x 10“^ ml. of water 

at 20°. The discrepancy was traced to the adsorption of 98 per cent, of 
the radium sulphate on a filter-paper in the first case. 

Vapour pressures can be determined in a similar manner. Thus the 
vapour pressure of thorium acetylacetonate was determined as 3*2 x 10“* 
mm. at 100° C. by saturating a slow stream of nitrogen with thorium 
acetyl acetonate vapour, which was decomposed by passing into alcoholic 
hydrochloric acid. The a-activity of the scrubber was determined and 
from the known volume of nitrogen and the a-activity of a known weight 
of thorium the vapour pressure could be estimated from the gas laws (103). 
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G. Exchange reactions 

Perhaps the type of reaction most widely investigated by the use 
of radioactive tracers is that of exchange of an element between two 
diiferent chemical states. Using a suitable analytical technique to 
separate the two, the rate of appearance of a radio-isotope of an element 
formerly free from radiotracer is easily determined. Although many 
qualitative investigations have been reported, the method is easily 
susceptible to quantitative treatment. McKay (104) has pointed out 
that exchange reactions follow a first-order law regardless of the number 
of atomic species participating, since there is no change in concentra¬ 
tion of the reactants. The rate of exchange reactions may therefore 
conveniently be expressed in terms of the half-time, the time necessary 
for half the activity to be lost from its original chemical state. Some 
typical exchange reactions are listed in Table 1.2. 

A study of exchange reactions often furnishes many interesting facts 
about molecular structure, bond types, etc. Thus although it was 
originally thought that all electron transfer reactions were rapid, it has 
been sho^vn (105) that some proceed at a relatively slow rate which 
can easily be measured (e.g. the exchange of thallous and thallic ions). 
Coryell, Irvine, and Lewis (106) have extended this work to the rela¬ 
tively slow exchange of cobaltous and cobaltic ammines, where half¬ 
times of exchange of several hours were noted. 

Bond strengths and stereochemical considerations also affect the rate 
of exchange. Although from measurements of magnetic susceptibility 
the iron in ferriheme or ferrihaemoglobin appears to be bound ionically 
(107), it does not exchange with ferric ions (108). On the other hand, 
ferrous ions exchange at a measurable rate with the coordinated iron 
of ferrous o-phenanthroline where, by the same criterion, the bonding 
is covalent in character. Exchange between an ion and the ion of the 
corresponding oxyacid is usually slow, and similarly free halogens or 
halide ions do not exchange with organic halides (although methyl 
halides are usually exceptions). Aluminium bromide promotes rapid 
exchange between halogen and alkyl or aryl halides (due, it has been 
suggested (109), to the formation of the complex RAIX, as in the 
Friedel Crafts’ reaction) and this has been used in the preparation of 
organic compounds containing radioactive halogens. 

Haissinsky and Daudel (110) have classified exchange reactions into 
two groups, the first due to dissociation of one of the molecular species 
and the second due to association of the two exchanging species. Several 
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Table 1.2 

Some typical exchange 'reactions 


Medium 
Acid or alkali 

Aqueous 

Aqueous 

Alkali 


Exchange reaction 
POf- and PO»- 

S,OJ- and SOJ" 


SO*- and S* 
S0| and SOj 


Cl, and CI- 

CIO- and Cl, 

CIO^- and Cl, 

MnOj" and MnOj~ 

MnOi" and MnO, 

MnO^" and Mn*'*" 

[Fe(CN),]*- and 
[Fe{CN),]»- 
[Fe(CN),]*- or 
[Fe(CN),]»- and 
Fe^+ or F©*+ 

Fe*+ and Fe’ + 


Ferrous and ferric- 
o-phenanthrolin© 

Fe** and ferri- 
hemoglobin 
Zn and Zn*+ 

Hg*+ and Hg*+ 


T1+ and TP^- 

Mg*-*- and chloro¬ 
phyll 


Gaseous, below terap. 
of dissociation of SO„ 
and in the presence of 
water vapour or plati¬ 
num 

N hydrochloric acid 


O-OI M in Cl, and M in 
ClOj- in N acid 
Both ions 0-4 molar in 
N caustic soda 
Solid dioxide suspended 
in 0*5 N caustic soda 
Aqueous solution 

Neutral or slightly acid 
or alkaline 
Aqueous 

6 N hydrochloric acid 


Aqueous and alcoholic 
acid 

Metal, aqueous solution 
Aqueous solution 


Aqueous perchloric acid 
80 per cent, acetone 


Reaction ralt, etc. 

No reaction in 24 hrs. 
at 100® C. 

No reaction in 20 hrs. 
at 20® C. 


Complete exchange of 
one S atom within 1 
hr. at 100® C. 

No reaction in 36 hrs. 
at 100®C. 

No reaction observed. 


Complete in 10“‘ sec. 

No reaction observed. 

Appreciable at room 
temperature. 
Complete in 2 min. 


Complete in less than 
10 sec. at room tem¬ 
perature. 


No reaction in several 
weeks. 

Appreciable exchange 
at room temperature. 

Rapid at room tem¬ 
perature. 

Rapid at 49-5® C. 

No exchange if chloro¬ 
phyll is pure. 


References 

3. N. Wilson, J.A.C.8. 

1038, 60, 2607. 

H. H. Voge, ibid. 1030, 
61, 1032; H. H. Voge 
and W. F. Libby, ibid. 
1937. 59, 244. 

Idem, ibid. 


Idem, ibid. 
Idem, ibid. 


Halford, ibid. 1040, 62, 
3233. 

W. H. Libby, ibid. 1040, 
62, 1030. 

Idem, ibid. 

Idem, ibid. 


J. W. Kennedy, S. Ru¬ 
ben, and G. T. Seaborg, 
quoted in CAem. Rev. 
1940, 190. 

S. Ruben, M. D. Kamen, 
M. B. Allen, and P. 
Nahinsky, ibid. 1942, 
64, 2297. 

Idem, ibid. 

B. V. Rollin, ibid. 1940, 
62, 86. 

S. Ruben, T. Norris, and 
P. Nahinsky, quoted 
by G. T. Seaborg, 
Chem. Rev. 1940, 199. 
J. Harbottle and J. W. 
Dodson, J.A.C.S. 1948, 
70, 880. 

S.Ruben, A. W.Frenkel, 
and M. D. Kamen, J. 
Phys. Chem. 1942, 46, 
710. 


Acid or alkali 


Dilute acid 


a few hrs. 


No appreciable ex¬ 
change in J hr. 

Not rapid. 

Complete within 1 min 
No exchange. 


Idem, ibid. 

M. J. Polissar, ibid, 
1936, 58, 1372. 

R. C. Thompson, ibid, 
1948, 70, 1045. 

Idem, ibid. 
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Table 1.2 {continued) 


Exchange reaction 

Medium 

Reaction rate, etc. 

Iteference.li 

find Mg*8- 

Suspension in aqueous 

Uopid at room tom* 

S. Ruben, M. D. Kamen, 

hydroxyquinolato 

solution 

porature. 

M. B. Allen, and 

and cuprous 

Values of ti varying from 

16 see. to 90 hrs. given 

P. Nahinsky, J.A.C.S. 
1042, 64. 2297. 

R. B. Dufficld and M. 

organic complexes 

for soverni different complexes. 

Colvin, ibid. 1048, 68, 

CH^T ajid 1“ 

Solution of iodino in 

No reaction at room 

657. 

H. A.C. McKoy, ^Ta/ure, 

methyl iodide or solu* 

tomporaturo. 

1937, 139. 283. 


tion of both reagents 
in CCl*, CS,. or other 
Ethyl alcohol 

Complete in 16 min. 

Idem, ibid. 

Ii and EtI 

Solution of iodino in 

at 100^ C., but does 
not take placo in 2 
min. at room tern- 
peraturo. 

No reaction at room 

D. E. Hxdl. C. H. Shef- 


ethyl iodide 

temperature. 

lott, and S. C. Lind, 

I. and CHI, 

Solution in ether 

No reaction at room 

J.A.C.S. 1936.58,535. 
Idem, ibid. 

CjHjBr, AIBr,. 
and Br, 

Ethyl bromide solution 

temperature. 

Rapid exebango. 

N. Bregnevo, S. Rogin- 

sky, and A. Schilinsky. 
Acta Physicochem. 

(U.R.S.S.). 1930. 5, 

549; J. Chem. Phya. 
(U.S.S.R.), 1030. 8, 

849. 


anomalies exist in this classification, and as has been pointed out by 
the authors, the classification is largely empirical. 


D. Reaction rates 

An interesting study of reaction rates at equilibrium was carried out 
by Wilson and Dickinson (111) in 193G. In a reaction such as 

A + B ^ C+D 

the equilibrium constant is 

_ [^[D] _ 

* [A]X[BJ A-z’ 

where and A 2 velocities of the forward and back reactions 

respectively. The velocity constants, however, can normally be deter¬ 
mined accurately only under conditions far removed from equilibrium, 
and this does not eliminate the possibility that as equilibrium is ap¬ 
proached, A, and A 2 change in the same ratio, K, remaining constant. 
Wilson and Dickinson using radioactive tracers were able to show that 
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l\ far removed from equilibrium was the same as at equilibrium in 
the case of the reaction 

HaAsOg-flg+HaO H3ASO4 + 2HI. 

Arsenious acid incorporating radioactive was prepared and 
mixed in chemical equilibrium proportions with iodine, iodide, and 
arsenic acid. The rate at which radioactive arsenite was oxidized to 
arsenate was observed by periodic separations of the latter. In this 
way it was shown that was constant under all conditions of equi¬ 
librium. Preliminary work had shown that arsenite and arsenate do 

not exchange in the absence of iodine under the conditions of the 
experiment. 


E. Molecular rearrangements 

Reaction rate determinations are often an intrinsic part of the study 
of molecular rearrangements, and these two uses of radiotracers are 
very closely related. An interesting illustration is provided by the work 
of Olsen and his collaborators (112) on the rearrangement of acetyl- 
chloraminobenzene under the influence of hydrochloric acid. 


acetylchloraminobenzene 


COCH3 
N—Cl 



COCH3 

I 

N—H 

Jj-chloracetanilide 

Cl 


Orton (113) suggested in 1902 that the chlorine attached to the nitrogen 
atom is hydrolysed to give hypochlorous acid, which reacts with the 
hydrochloric acid to give elementary chlorine in solution. The latter 
then attacks the benzene ring in the para position. Porter (114), how¬ 
ever, proposed an intramolecular theory whereby weak bonds are 
formed between the nitrogen and the para-hydrogen and between the 

chlorine and the para-carbon, the weak bonds becoming full bonds on 
activation of the molecule, thus : 


COCH3 
N—Cl 

Activation 
-- 




-H J 


COCH 


NH 



H 


Cl 
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The use of hydrochloric acid containing radioactive as a catalyst 
affords a means of deciding between the two mechanisms. If the reac¬ 
tion is intra-molecular but with no exchange between the chlorine 
attached to the nitrogen and the radioactive hydrochloric acid in 
solution, the resulting ^j-chloracetanilide will be free of and in¬ 
active. (There is known to be no appreciable exchange between the 
chlorine attached to the benzene ring and chloride ion.) Alternatively, 
if there is exchange between the N-chlorine and the hydrochloric acid, 
then the rate at which ®®C1 is removed from the aqueous solution will 
depend on the rate (A'g) at which it exchanges with the active chlorine, 
attached to the nitrogen atom. This will govern the rate at which active 
chlorine takes part in the formation of p-chloracetanilide from acetyl- 
chloraminobenzene. By determining from the activity of acetylchlor- 
aminobenzene periodically isolated from the system it was shown that 
there is a small, but measurable rate of exchange. If an intramolecular 
mechanism obtains, therefore, the rate of appearance of p-chloramino- 
benzene will depend on both the rate of molecular rearrangement {k\) 
and on the rate of exchange of the active chlorine with the N-chlorine 
atom {k 2 ). 

If the rearrangement takes place via the hydrolytic formation of 
chlorine as an intermediary at very low concentrations, the removal 
of 3®C1" from solution will primarily depend on the rate {ki) of pro¬ 
duction of jj-chloracetanilide (since elementary chlorine and chloride 
ion exchange instantaneously and kz is sufficiently small to be neglected). 
The experiment therefore was to compare the rate of removal of 3®C1 
from solution with the rate expected from the known value of k^ (hydro¬ 
lytic mechanism) and the rate calculated from k\ and kz assuming an 
intramolecular mechanism. It was found (112) that the rate of removal 
of active chloride ion from solution was in accordance with the hydro¬ 
lytic formation of chlorine and not with the intramolecular mechanism. 

A simpler and more direct use of radiotracers in the study of molecular 
rearrangements is illustrated in the conversion of phenyl glyoxal to 
mandelic acid by the action of caustic soda (115). Two mechanisms 
are possible, either the addition of a hydroxyl ion to the aldehydic 
carbon atom followed by the migration of an aldehydic hydrogen atom 
(reaction 1.14) or the migration of a phenyl group after the addition of 
an hydroxyl ion to the keto-groiip (reaction 1.15). A choice between 
the two mechanisms is possible using phenyl glyoxal labelled in the 
keto-carboxyl group with Benzoic acid formed by oxidation of 

the resultant mandelic acid with chromic acid wiU be radioactive if 
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reaction (1.14) is true and inactive if reaction (1.15) obtains. Experi¬ 
mentally, the benzoic acid was found to contain ^**0, and less than 
1 per cent, of the activity was evolved with the carbon dioxide formed 

in the oxidation, tims showing that there is no change of the carbon 
skeleton. 


H 

*(J-0 - 

O 0 

phenyl glyoxal 


OH- 


O 0~ 



PeHs H 


OH- 




C 


o 


o 


F, Molecular structure 


2^ CeHg.+CH.OH.COOH 


inandelic acid 


( 1 . 14 ) 


CgHs.CHOH.^COOH 


( 1 . 16 ) 


Although it is possible to gain indii*ect evidence from their use, the 
general application of tracers to problems of molecular structure is 
often difficult. Using radioactive it has been shown ( 116 ) that the 

two sulphur atoms in the thiosulphate ion. SaOl" are not equivalent, 
thus supporting the structure 


S 

o^s=o 

o 



rather than that in which the two sulphur atoms are equivalent. This 
was done quite simply by preparing radioactive sulphur, converting it 
to SgO^- by dissolving it in inactive sulphite and decomposing the 
thiosulphate ion by addition of silver nitrate. If the two sulphur atoms 
in thiosulphate are equivalent, then both the sulphur and the sulphur 
dioxide should be of equal activity, but this would not be expected in 
the case of dissimilar sulphur bonding. 


G. Diffusion processes 

Radioactive tracers enable self-diffusion coefficients to be obtained 
without the presence of a concentration gradient. The rate of diffusion 
IS followed by adding a chemically insignificant quantity of a radio- 
tracer to part of the system. Any uncertainty as to the effect of con¬ 
centration gradients is thus eliminated, a condition not possible in the 
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past because of the practical necessity of some inhomogeneity of com¬ 
position. Diffusion coefficients may be determined in tlie solid, liquid, 
or gaseous states. For solids, the experimental technique usually con¬ 
sists of preparing the radioactive material as a tliin film on a flat surface 
of the bulk solid and placing this in contact with another piece of un¬ 
treated material. The pieces, firmly clamped together, are then raised 
to the appropriate temperature (117, 118). The diflfusion process can 
be followed either by analysis of the initially inactive material or by 
determining the loss of activity from the original sample. The former 
method is preferable as it is susceptible to greater accuracy than the 
latter method in which the result is given by the difference between 
similar quantities. The self-diffusion of bismuth, zinc, lead, gold, and 
copper have been determined in the metal by this technique. 

The method has been appUed in the study of the oxidation of copper 
and further evidence was obtained to support the theory that the rate- 
determining step in the oxidation is the diffusion of Cu+ into vacant 
sites in the cuprous oxide layer. The experimental method consisted 
of electro-depositing the surface of a strip of copper with radioactive 
®^Cu, and determining tlie distribution of this copper in successive layers 
of the oxide subsequently obtained on heating (119). The results con¬ 
firmed the oxidation theory suggested by Wagner (120). 

Gaseous self-diffusion has not been extensively studied by a radio- 
tracer technique. Hutchinson (121) has determined the self-diffusion 
of argon by the migration of radioactive from a tube connected 
horizontally to a similar tube containing inactive argon at the same 
pressure. The radioactive was measured by means of a Laiiritsen 
electroscope (see Chap. Ill) mounted over a thin window in the initially 
inactive tube. Using stable isotopes as tracers, diffusion has been fol¬ 
lowed continuously by connecting the apparatus directly to a mass 
spectrometer (122). Another application in gaseous diffusion has been 
reported by Seaborg, Kennedy, and Wahl (123), who showed that the 
separation of and in a Clusius-Duckel thermal diffusion column 
was essentially the same at lO-^^ molar as at higher concentrations. 

Self-diffusion of ions in solution has been studied by a radiotracer 
method, and because of the absence of concentration gradients, interpre¬ 
tation of the results is considerably simplified (124). Hitherto few 
workers have applied this method to problems of solution chemistry, 
although it has several attractive features and its use is increasing (see, 
for instance, Gemant (125), who discvisses the problems more fully). 
Two techniques may be used. Either samples of the liquid may be 

5197 D 
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periodically withdrawn from solution for measurement, or a counter 
may be placed close to the liquid surface (or actually immersed in the 
liquid) and used to determine the change in activity as the tracer 
diffuses into the previously inactive solution. 

H. Colloid and surface studies 

One of the earliest workers to study surface reactions with radioactive 

material was Paneth (126), who used thorium B (lead) to determine 

the surface area of powdered lead sulphate. If a known amount of lead 

sulphate is shaken with a solution of thorium B imtil there is exchange 

equilibrium between molecules on the surface of the solid and in the 
solution, then 

ThB on the surface _ Pb on the surface 
ThB in solution Pb in solution 

The only quantity which cannot be determined in this equation is the 
amount of lead on the surface, which can thus be estimated. 

It is essential in this method that the exchange of the active and 
mactive isotopes shall occur solely at the surface of the adsorbent, the 
inside of the crystal lattice being unaffected. Loss of activity from 
solution occurs for a considerable period after the solution and solid 
are mixed and it has been shown by Kolthoff and Bosenblum (127) 
that this is due to slow recrystallization. Nevertheless by observing 
the loss of activity from solution occurring in the first 3 minutes (after 
which the initial rapid exchange had been completed) Paneth and 
Vorwerk (126) estimated the number of lead atoms on the surface of 
the crystals. By assuming a reasonable figure for the area occupied by 
each lead atom, surface areas were obtained which compared favourably 
with those measured by visual observation of the crystals under a 
microscope. Exact agreement was not found, and when compared with 
the dye adsorption method Avide differences in the estimated area were 
sometimes obtained (126). This is probably due to difficulties in assign- 
mg correct values to the areas occupied by adsorbed dye molecules 
The radioactive indicator method has also been used to determine 
the surface area of soUds such as barium, strontium, and calcium sul¬ 
phates, m which an indicator (ThB) exchanged with a cation with which 
it IS not isotopic. The method was assumed to be applicable in cases 
where the two salts (e.g. lead (ThB) sulphate and strontium sulphate) 
exhibit isomorphism, for which the above equation will stiU be valid 
provided a proportionality factor is introduced on one side. Surface 
areas winch agreed with those obtained by the visual microscopic 
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method were obtained for strontium and barium sulphates, but not 
for calcium sulphate which crystallizes in a monoclinic system com¬ 
pared with the orthorhombic sulphates of barium, strontium, and lead. 
Thorium X has also been used to determine the surface areas of lead 
salts and Chlopin and Kusnetzowa have used radium (22®Ra) (128). 
Paneth has also extended this work to the determination of surfaces 
of artificial silks (2). 

Singleton and Spinks (129) have made an experimental test of the 
equations given by Paneth for the estimation of surface areas. 
Inactive strontium sulphate was shaken with a saturated solution of 
strontium sulphate containing radioactive ®®Sr, and an estimate of 
the surface area made from the activity remaining in solution after 
10 minutes. The surface was then compared with that obtained by 
shaking a batch of the same strontium sulphate with thorium B, when 
about one-fifteenth of the amount of strontium sulphate crystals used 
in the ®°Sr experiments were required to give the same loss of activity 
(50 per cent.). For this example Paneth’s equation is 

, ThB on surface Sr on surface 

k X _ - - 

. ThB in solution Sr in solution 

where the proportionality factor k is assumed to be the ratio of the 
solubility of strontium sulphate to lead sulphate in saturated strontium 
sulphate and is equal to 15. The surface area of the strontium sulphate 
in this case came to be 21,000 cm.^ compared with 13,000 cm.- obtained 
using radioactive strontium. The difference may be due to errors in 
the assumptions of the area occupied by molecules of strontium sul¬ 
phate and lead sulphate (assumed to be equal to the square of the cube 
root of the volume of these molecules, estimated from the densities of 
the solids). Whilst the agreement is not perfect it was concluded that 
Paneth’s equation is probably correct. 

I. Catalysis 

Catalysis of the molecular rearrangement of N-chloracetanilide has 
already been quoted (see p. 30), but a simpler example is to be found 
in the study of a Fischer-Tropsch synthesis, reported by Rummer, 
Dewitt, and Emmett (130). It was suggested by Fischer and Tropsch 
(131) that in the formation of hydrocarbons from carbon monoxide and 
hydrogen over nickel, iron, or cobalt catalysts, the carbon monoxide 
reacts ^\^th the catalyst to form carbides, and these are reduced to 
methylene groups which subsequently polymerize. By using a catalyst 
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containing radioactive “C as carbide in a Fischer-Tropsch reaction, the 
proposed meciianism may be checked and, if correct, the radioactive 
carbon should appear in the hydrocarbon fraction. The experimental 
results showed, however, that only a few per cent, of the was con¬ 
verted to hydrocarbon, thus indicating that carbide has, at best, an 
indirect elfect on the reaction. Exchange of carbide with carbon 

monoxide or with the hydrocarbon had been previously shown to be 
slow by a radioactive method. 


J. Emanation methods 

In the discussion hitherto the radiotracer and the inactive carrier 
have, m general, had the same atomic number. Hahn and co-workers 
however, have developed a very useful technique not involving chemical 
Identity of inactive material and tracer. A discussion of the emanation 
method and the information it can yield has been given by Fliigge and 
Zimen (132). Radium and its naturally occurring isotopes (22«Ra 
ThX (22JRa), and AcX (223Ra)) decay by a-particle emission to isotopes’ 
of the rare gas emanation (i.e. radon ( 222 R„), thoron (220Rn) and actinon 
{ Rn) respectively). Because of the chemical stability of emanation 
It escapes from material containing radium in an amount depending on 
the conditions. It may escape by gaseous diffusion at a rate depending 
on the gram size and surface area of the parent material if it does not 
hrst decay to a non-gaseous element. The second means of escape is 
due to the recoil of the radon atom as a result of the radioactive dis¬ 
integration of the radium. On emission of an a-particle from radium 
the residual radon nucleus recoils with an energy determined by the 
law of conservation of momentum, and although the recoil range of 
radon IS very small m solids, the radon can escape from the surface to 
a depth of the order of a few hundred angstrom units. In a crystalline 
medium of particle size about 0-2 mm., the amount of emanation which 
escapes is of the order of 0-3 per cent, of the total amount formed. As 
the crystal size decreases, the amount escaping by the two mechanisms 
increases (133 . When compounds of very large surface areas such as 
ferric hydroxide and thorium hydroxide are impregnated with radium 
he amount of emanation spontaneously escaping is very large, and 
may be as much as 99 per cent, of that formed (134). Such compounds 
are said to have a high emanating power, defined as the ratio of the 
amount of emanation spontaneously escaping from a substance to the 
total amount of emanation formed. In general, emanation diffuses out 

closely packed inorganic crystal lattice only with difficulty, wliile 
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compounds with very large surface areas such as heavy metal hydroxides 
emit a large amount. 

Since the emanating power reflects the ratio of the surface area to 
volume, it has been used to follow qualitatively the ageing of colloids 
such as ferric and thorium hydroxides. A heavy metal liydroxide is 
precipitated in the presence of one of the radium isotopes which is 
adsorbed by the precipitate, especially if carbonate or sulphate ions 
are also present (Fajans Precipitation Rule). Alternatively the hydrox¬ 
ide may be precipitated first and the radium added subsequently. The 
emanating power of the precipitate is measured both initially and 
several times during the subsequent experiment and is used as an index 
of the particle size of the precipitate. In the ageing of ferric and thori\im 
hydroxides (the two examples most frequently studied by this 
method) it was found that the surface of the ferric hydroxide decreased 
much more rapidly under water at 100° C. than did thorium hydroxide 
(135). In other work the revei'sible and irreversible ageing of gels has 
been studied. An interesting practical application has been the prepa¬ 
ration both of radium salts (134) and also of apparently dry ferric 
hydroxide gels with a very high emanating power retained over several 
years (136); for example, one sample of ferric hydroxide containing 
226Ra had an emanating power of 98 per cent, at the time of prepara¬ 
tion and eight yeai-s later it had fallen only to 91 per cent. (134). 

The emanation technique can also be applied to crystalline solids. 
Here the necessity of the radium being incorporated homogeneously 
into the system to be studied limits the applications to some extent 
since concentration at grain boundaries, etc., makes interpretation 
difficult. In an example quoted by Hahn, the emanating power of an 
ignited specimen of barium sulphate containing radium was measured 
at different temperatures. As the temperature was increased, the 
emanating power rose slowly but almost linearly from 0'2 per cent, at 
room temperature to 4*4 per cent, at /aO C., vhen theie ^^as a sharp 
rise reacliing 75 per cent, at 920° C. Tammann liad already found that 
solid reactions begin on heating when the temperature reached between 
0*5 and 0-G of the mcltuig point (in °K.) of the solid (137). This so- 
called ‘loosening temperature* at which disturbances in the lattice 
become great enough for reaction to occur can be directly related to 
the rapid rise in emanation power which also oeextrs at comparable 
temperatures. The sharp rise in emanating power obtained by Hahn 
was extrapolated and cut the abscissa at / /O C. (or 1,043 K.), vhich 
is 0-56 of the melting-point of barium sulphate (1,580° C., 1,853° K.), 
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and is in good agreement with the ‘loosening temperature’ given bv 
Tammann’s rule. If barium sulphate were not ignited before this treat 
ment. the emanating power below the ‘loosening temperature ’ was 
always higher than obtained with the ignited specimen and in conse 
quence the rapid rise occurring at the loosening temperature was some¬ 
what masked. This was attributed to the escape of water or sulphuric 
acid knovm to be held very strongly which apparently facilitated the 
escape of the emanation. Similar results have been obtained when 

heatmg barium chloride containing radium (138) and in drying a 
thorium hydroxide gel (139). g a 

Several other studies using the emanation method have been carried 

out on for example the resistivity to chemical attack, effect of heating 

etc of glass and of some barium alloys (1, 140). The value of the 

method bas also been shoivn by recent work on alumina and other 

oxides, which has enabled evidence to be obtained on the phase changes 
occurring in such systems on heating (141) ^ 

The discovery of radioactive chains of which the isotopes of krypton 
and xenon are members has enabled the emanation method to be allied 
with these gases. Both are produced by the radioactive decay of Llo- 
gens. By depositmg radio-iodine or radio-bromine on silica gel im¬ 
pregnated with sUver nitrate, it was shown that a high proportion of 

used the mefhT- 
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RADIATIONS AND RADIOACTIVE DECAY 

1. Laws of Radioactive Decay 


Aii radioactive processes are random in occurrence, and the liberation 
of a particle from a given unstable nucleus is independent of the hbera- 
tion of the same or of different particles from other nuclei (whether 
identical or different). The rate of nuclear disintegration is also un¬ 
affected by external factors, such as pressure, temperature, and physical 
state (except for A-capture, see p. 84). The number of radioactive 
atoms of a given isolated species which is not simultaneously regenerated 
by any process decreases (decays) exponentially with time. Experi- 
mentaUy, one is usually interested in the rate of decay of the radio¬ 
active atoms in a given source, and the disintegration law common to 
all radioactive processes is normally written 




dt 


—AiV, 


(2.1) 


where N is the number of radioactive atoms present at a time t, and 
A :s the dismtegration constant characteristic of the radio-isotope con 
sidered; A is expressed in reciprocal time units, e.g. if i is in seconds, A is 
m umts of sec. ^ and if«is in minutes, A is in min.-* 

Equation (2.1) may be integrated to give 

N = NQe~^, ( 2 . 2 ) 

where is the number of radioactive atoms existing at a time t = 0 

This IS the famibar exponential law of radioactive transformation which 

may also be denved statistically (6), assuming that aU atoms of a given 

isotope have the same probability of disintegration, independent of the 
age of any particular atom. 

be derived from equation (2.2): 

(a) Half-life. Let be the time taken for the number of radioactive 
^oms to decrease to half the number present originaUy (i e N — iN) 
Hence = iVr by taking logarithms.^2 I a", or ~ ^ 

a ^ 


, _ 2-303 X log ,0 2 0-693 

A - ^ 


(2.3) 

of. gf... «ilo- 
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(6) Mean life. Although a given radioactive species disintegrates 
with a fixed half-life, a particular atom of that species may disintegrate 
at any time from zero to infinity. If atoms exist initially, the number 
remaining at time t is given by equation (2.2). At time i the number 
of atoms decajdng during an interval of time, dty is XNdt or X^^e-^dt, 
and since each of them has existed for time t, the total lifetime lived 
by all these atoms (of life 0 is XN^te-^dt. The mean life of all the atoms, 
t, is therefore «. 

' - i I - 5 - ii4s - '= ■'> 

0 


A. Decay of radioactive species 

Experimentally, one does not nonnally observe N, the number of 
atoms, but the rate of disintegration (a quantity proportional to XN , 
the proportionality factor depending on the measuring instrument 
used). The recorded measure of the disintegration rate (i.e. the number 
of disintegrations/unit time) is often referred to as the activity, a, and 
the activity at zero time as Qq. Since these quantities differ by a constant 
factor k from the absolute rates of disintegration at corresponding times 
(\N = ka and XN^ = Iflo) may wite 

2*303 logiol’« = InAAT 

= —A(+lnAAi (by equation (2.2)) 

= —Ai+2*3031ogjo/:ao* 


Hence a = a^e-^ = (2.5) 

so that equation (2.2) may be applied directly to the experimental 
results. 

From equation (2.5) it ^\iU be seen that if logio® is plotted against t, 
a straight line of slope -0-3010/fi is obtained. Thus the half-life (/,) 
can be calculated from the slope of this plot or read off as the time 
interval corresponding to a decrease in ordinate of 0-3010 (logarithmic) 
units, i.e. equivalent to a change from any value of a to a/2. 

Very often several unrelated radioactive isotopes are present in the 
same sample, and in this case the total activity a is given by 


where k^, k^,... are factors incorporating the efficiency of detection 
of each type of radiation (see p. 115). A plot of the logarithm of the 
activity against time in such a case is shovm in Fig. 2.4 (see p. 55) for 
a mixture of two radioactive isotopes. 
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B. Growth of radioactivity 

In many cases a radioactive nucleus is produced as the result of the 

decay of another, or by a nuclear process such as neutron capture. 
Thus for the reaction 

A -> B-> C 


in which B is radioactive, and is formed at a constant rate, P, from the 
nucleus A, the rate of accumulation of B nuclei is given by 



P 



where is the disintegration constant of the nucleus B and is the 

number of B atoms at a time t. may be evaluated by integrating 
equation (2.6) to give ® 

= £{l-e-^i^O+(iVt)oe’H (2.7) 

where (iV^)^ is the initial number of atoms of B present when i =r 0 
If there were no B atoms present initially, then 


Nb = ( 2 . 8 ) 

and at any given time t the rate of disintegration of the atoms 
present is 

fdNjA 

\drlt ^ ^ —P(l—e-^^0- (2.9) 

Equation (2.9), which describes the growth of activity of B from A 
is illustrated diagrammatically by curve (B) in Fig. 2.1 in which the 

activity ~{dNs/dt)t is plotted against t. It will be seen that -(dNJdt), 
increases exponentially with t, and that when t = ~{dN^ldt)f = Ip 
as can be shown from equation (2.9), for * ^ 


= ( 2 . 10 ) 
If the nucleus B is produced by radioactive decay of the parent 
nucleus A at a rate P which is equal to N^, or (i^)„ equation 

(2.6) must be replaced by ^ 'i 

dN„ 


dt 




( 2 . 11 ) 
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Hence by multiplying both sides of equation (2.11) by and integrat¬ 
ing with respect to time, 

J = 

QP constant. 




Fic. 2.1. Growth of daughter (B) from mother (A) of long 
half-life. A + B: both detected with equal efficiency. B: 

mother not detected. 


The integration constant may be evaluated by applying the boundary 
condition that = (^^b)o "’^en t = 0. 

Hence iv \ \ 

jVr eA.< = 

® Ab-Aj Ab-Aj 


and 




( 2 . 12 ) 


There are three solutions to equation (2.12) which are of interest. 


C. Secular equilibrium 

When A^ is very small (i.e. the parent substance has a long half-hte) 
the decay of A is not noticeable by comparison with that of B and the 
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activity of the daughter is obtained from equation (2.12) by 

letting tend to zero. If (.^^)o = 0 when ^ = 0 (i.e. initially no 
daughter activity is present) (dNj^ldt)^ is also given by equation (2.9) 
with P = A^(.^)q and grows as curve B in Fig. 2.1, If the radiation 
from the mother substance is not detected by the apparatus used (for 
instance when an a-emitting mother generates a jS-active daughter, the 
latter only being observed by means of a Geiger counter), then after 
separation of the daughter substance (J5), the j3-activity grows from 
0 to A^(i^)o. The initial slope of the curve will be A^A^(i^)o as can 
be shown by differentiating the activity at time /, 

viz. e-'*'). 

with respect to t. The growth of the total activity is shown as curve 
(^ + .B) in Fig. 2.1 and is initially A^(-^)o rising to twice this value at 
equilibrium. 

After a prolonged period all the members of a chain of radioactive 
bodies generated by a long-lived parent will reach a constant activity 
since at equilibrium the number of atoms of a given species decaying 
in a given time will be equal to the number formed by decay from its 
immediate antecedent, and 


— ••• • 


(2.13) 


This simple relationship enables one to estimate the weight of a daughter 
substance in equilibrium with a long-hved parent. For instance, let us 
calculate the mass of radon in equilibrium with 1 g. of radium. The 
disintegration chain occurring in this case is 

226Ra-> - *1 -^RaA. 

= 1622 years 3-825 days 


Now, since Ai^-^Ra = 


^Ra = 


6-02x1023 

226 


^Ra = 


0-693 


1622x365 


days 


-1 


and 


then 


V 0-693 j , 




6-02x1023 

226 


X 


0-693 


X 


3-825 


1622x365 0-693 


= 1-76x10^® atoms, 

= 0-66 mm.® at 0° C. and 760 mm . pressure. 


I 
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The rate of disintegration of the radon, which is equal to that of the 
radium, is then 

ditfRn - - - -. 0-693 


dt 


= AR^^Ra= 1-76X101«X 


3-825x24x60x60 


= 3-70x10'® disintegrations/sec. (2.14) 


The quantity of radon in equilibrium with 1 g. of radium has some 
importance as a unit of radioactivity in that it was the original defini¬ 
tion of the *curie’. In 1930 the International Radium Standards Com¬ 
mission recommended that the definition should include the equilibrium 
quantity of any decay product of radium but did not favour its exten¬ 
sion outside the radium family. The recommended value for the curie 
was 3-7x10'® disintegrations of radium or its products per second. 
On the other hand, ‘the unit quantity of any radioactive element could 
be expressed in terms of the mass equivalent of 1 g. of radium with 
respect to the effect of the rays or to the number of atoms decaying 
per second. In the latter sense, 1 g. Ra equivalent is that quantity 
of any radioactive element for which the number of atoms decaying 
per second is the same as that for 1 g. of radium.’ However, now that 
artificially produced radioactive material unrelated to radium is avail¬ 
able, the term curie is generally used as a unit meaning 3-7 x 10'® dis./sec. 
irrespective of the species. Sub-units are the ‘milUcurie’ (3-7x10^ 
dis./sec.) and the ‘microcurie’ (3-7x10* dis./sec.). Unfortunately the 
value of the curie is not kno^\^l to better than 1 per cent. Moreover, 
it is a rather large unit for general use and in view of the unsatisfactory 
nature of the definition a new unit of radioactivity, the ‘rutherforcl ’, 
has been suggested (7). This is defined as 10® disintegrations per second, 
but its use has not as yet been generally adopted. 


D. Transient equilibrium 

The second solution of equation (2.12) is obtained when the half-Ufe 
of the parent is greater than that of the daughter, but sufficiently small 
for decay to be appreciable within the time of observation. Simphfica- 
tion of equation (2.12) is no longer possible, but in cases when the 
daughter activity grows from zero, we may put {Ns)q = 0. The dis¬ 
integration rate of R at a time t is then 

V -fj Ki Ar(-^)o (2.15) 

^ (Ab-A^) ^ 

The daughter activity rises to a maximum and except when ~ 
it decays v.'ith the half-life of the parent nucleus (A) (see Fig. 2.2a). 



Adivitij (dPbitrary units) 




Fig. 2.2. Growth curves for transient equilibrium, (a) 5A^ = Aj, 
A, total activity; B, daughter activity; (6) 5A^ = 4A^, C, total 

activity ; D, daughter activitj-. 


bi 
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The maximum total activity of the mixture occurs at a time given 
by differentiation of the total activity, which is 


Act = 




(2.16) 


Thus 


dt 


^d~K 




= 0 for / — 


Hence 




m 


- 1 i„r 1 


(2.17) 


which may also be expressed in terms of the half-lives of A and B, 
using the relation A = 0*603//j. The maxiniuin activity of the daughter 
is obtained in a similar manner from equation (2.15) and occurs at time 
i' given by , ^ 

C=,—Vln^. (2.18) 

Ab~\i 


t'jn is independent of the efficiency of detection although the observed 
values of Dtot do depend on the relative efficiencies of detection 

of the particles from A and B. Gro\Hh curves illustrative of transient 
equilibrium are shovTi in Fig. 2.2a for the case when the half-life of 
the mother is five times that of the daughter. It will be seen that the 
maximum total activity occui*s at 1-84 daughter half-lives whereas the 
maximum daughter activity occurs at 2*88 daughter half-lives. Tran¬ 
sient radioactive equilibrium is established in this case to a good 
approximation in six daughter half-Uves, after wliich both the total 
activity (curve A) and also that of daughter (curve B) decay with the 
half-life of the parent. It vdll be seen from equation (2.15) that when 
equilibrium has been established (i.e. when the amount of 


daughter activity is 





HDa 

H-tr 


(2.19) 


which is always greater than that of the parent (/)j). If A^ and A^ are 
nearly equal (curves C and D in Fig. 2.26) prolonged periods are 
necessary for equilibrium to be obtained. 


E. Life of daughter greater than that of parent 

The third case is that in which the mother substance has a half-hfe 
shorter than the daughter. Assuming that there is initially no daughter 
activity present ((A^^)q = 0), the total activity (I^tot) again gi\en bj 

&197 E 
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equation (2.16) but the contribution of the term represent¬ 

ing the activity of the parent quickly becomes negligible. After the 
parent (A) has decayed, the daughter (5) is no longer formed and 
decays with its own half-life. Typical growth curves for systems of 
this type are shown in Fig. 2.3. Equation (2.18) is still applicable for 



Fig. 2.3. Growth and decay curves for ^ 5tf (A^ = 6A^). 
A, total activity; B, daughter activity. 


calculation of the time of maximum daughter activities. Equation 
(2.17) is insoluble in this case. 


F. Multiple-membered chains 

Radioactive chains of more than two members are known, and to 
calculate the activity of the later members, equations analogous to 
equation (2.12) may be derived. In the general case of 

it can be shown that 




where is the initial number of active atoms of the tth species in the 
chain, is its disintegration constant, /,- is defined as equal to e“^'^ and 
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[/<-i/<]» divided differences obtained from the 

A’s and the/’s as follows: 


Species 

A’a 


First divided 
differences 

A 

A^ 

Sa 

1 

1 

UaJb-I = 

B 

Ab 

Ib 

UbM = 

Aq — As 

C 

Ac 

Sc 


D 

Ad 

Id 

UM ~ 

Ai}~^C 


Second divided 
di^fferences 


Ua/bM = 

Ac — 


Ub/c/d] = 


[JcfDtzUM 

Ad— 


etc. 


In the simple case where there are only three members to the chain 
(A,B, C), and {Ns)o and {Nc)q are zero, we have i = 3, and = (-^^)o) 

^2 ~ {^b)o “ “ {^c)o ~ Aj = A^, A 2 = A^, Ag = X(^. 

Hence, 

[fi-2fi-lfi\ = [/d/o/c] 

„ [/p/c]~[L.fe] 

Ac“^^ 

(Ag—A^)(Ac— Xb){Xc A^) 

Hence 


— 


—A^/ 


X 


+ 


+ 


-aJ- 


( 2 . 20 ) 


(A^—Aj)(Ac—A^) (Af—A^)(A^—Ajj) (Aj—A c.)(Ab 

A matrix method of solution of equations such as (2.20) has been 
described by Watson (8). 


G. Formation of radio-isotopes by particle bombardment 

Radioactive isotopes can be formed at a constant rate by other means 
than decay of a parent nucleus. A common example is the production 
of an isotope by bombardment ^nth nuclear particles. Before consider¬ 
ing this the concept of capture cross-section as applied to nuclear 
reactions must be discussed. 

Consider a thin layer of material of superficial area, s, containing lY 
nuclei, which is bombarded with nuclear particles (e.g. neutrons) of 
intensity f/cin.^/sec. (i.e. f particles cross each square cm. of superficial 
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area per second). The number (n) of a given type of event (which may 
be, for example, nuclear disintegration, nuclear fission, or neutron 
capture) is given by 

n = = (2.21) 


where a, measured in units of cm.^/nucleus, is the cross-section for the 
particular reaction. 

Provided that the intensity of the beam is not appreciably affected, 
the total number of events occurring in a uniform field of bombarding 
particles thus depends only on the number of target nuclei, and not on 
the number per unit area. The capture cross-section is indicative of 
the probability of occurrence of a given type of event. Although crudely 
it may be visualized as the area (perpendicular to the track of the 
incident particle and in the plane of the nucleus) in which capture of 
the negligibly small projectile occurs, it is better to regard o as defined 
by equation (2.21). 

For a thick target (that is, one which appreciably reduces the in¬ 
tensity of the bombarding particles) the number of events Sn occurring 
in a thin element, at a distance x from the surface is 

where fj. is the intensity of bombarding particles at a distance x. Hence 

by simple integration, and remembering that the number of events is 

proportional to the intensity of bombarding particles, it can be shown 

that ^ ^ 

4 = ( 2 . 22 ) 

where 4 is the intensity of the incident particles. Equation (2.22) may 
be used in conjunction with equation (2.21) for estimating the number 
of events occurring in thick sources. 

The cross-section of a particular atomic species for a given type of 
projectile depends on the energy of the bombarding particles. For 
charged particles such as protons, deuterons, etc., and for fast neutrons 
(energy gi-eater than about 1 MeV) a minimum threshold energy is 
usually necessary to initiate a nuclear reaction. If the energy is in¬ 
creased above the threshold, the capture cross-section increases to a 
value of the order of the nuclear cross-sectional area, about 10“^^ cm.^, 
but at higher energies may decrease, as other reactions of the same 
bombarding particle become more probable. Thus the ^^^In (a,7i) ^^®Sb 
reaction has a threshold at about 11 MeV; the capture cross-section 
rises to a maximum at 19MeV and then decreases as the ^^®In (a, In) ^^’Sb 
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reaction becomes more probable at tlie higher energies (9). The latter 
has a threshold of about 15 MeV. 

The cross-section of nuclei for capture of slow neutrons (i.e. with an 
energy less than 0*5 eV) is often much greater than the geometrical 
cross-section of the nucleus, but it cannot exceed the value of ttX-; X 
(the wavelength of the neutron) is given by the de Broglie relationship 
as 7r(/i/mF)® where h is Planck’s constant, in the mass, and V the 
velocity. For thermal neutrons (i.e. neutrons in thennal equilibrium 
with their surroundings) with a Maxwellian distribution of energy 
around 0*025 eV, ttX- is of the order of 10“*^ cm.- Cross-sections for 
thennal neutrons vary widely over a range of values froTii about 
0*001 X 10"^^ cm.^ to many thousands of barns (the unit 10“^* cm.^ is 
often called one barn). Thus the cross-section of ^^^Cd is 0*2 barns com¬ 
pared ^\^th 24,000 barns for “=*Cd, the latter isotope being responsible 
for the major part of the slow neutron capture in cadmium. As the 
neutron energy is increased from the thennal region, the capture cross- 
section decreases. Theoretically the cross-section is invemely propor¬ 
tional to the neutron velocity (the 1/F law) although a very high 
cross-section is often obtained over a small neutron energy range 
(usually referred to as ‘resonance capture’) which is superimposed on 
the linear variation of cross-section with 1/F. is an example of the 
relatively few absorbers which obey the 1/F law over a wide range. 
Cross-sections quoted in tables usually refer to thermal neutron energies 
and are, in general, suitable for estimating yields from nuclear reactions 
occurring in piles and other cases where thermal neutrons can be 

assumed to be predominant (see p. 104). 

For the production of radioactive material by a nuclear reaction 

such as neutron ^ radioactive <lecny ^ 

A -■> Jj - -^ 

capture 

equation (2.9) can be applied, provided the intensity of the incident 
bombarding particles is unaffected by the thickne.ss of the target. 
P may be replaced by N^af and the integrated equation correspond¬ 
ing to (2.12) is then 

+ (2-23) 

where is the number of bombarded atoms and Nfj is the number 
of active atoms produced in a bombardment of duration f. In the more 
usual case of the growth of activity from zero, {Njj)q = 0 when f = 0, 
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and equation (2.23) becomes 


- (2.24) 

For an irradiation which is long compared with the half-life, equation 
(2.24) reduces to 


i.e. the rate of disintegration of radioactive atoms is equal to the rate 
of formation. An irradiation equal to ten times the half-life can be 
regarded as long enough for this to be true for all practical purposes. 

Equation (2.24) has two important applications: first, in estimating 
the yields of radioactive material obtained from neutron irradiations 
(see p. 197); secondly, a determination of neutron density may be 
made by measuring the activity obtained by irradiating a substance 
of known capture cross-section (see p. 163). 



2. The Practical Determination of Half-lives 
The half-lives of radioactive bodies vary from a few microseconds 
to many millions of years and a number of methods are available for 
their determination. The cases in which measurable decay can be 
observed in a reasonable length of time (i.e. half-lives between a few 
seconds and several years) will be discussed first. By far the greater 
number of radioactive isotopes fall in this group. 

If a single radioactive isotope is present in a sample, the activity 
(disintegration rate) may be determined at intervals over a period of 
time which is several times longer than the half-life. The half-life may 
be estimated from the straight line obtained w’hen the logarithm of 
the activity is plotted against time. When two activities of appreciably 
different half-lives are present together, a decay curve such as shown 
in Fig. 2.4 is obtained. The half-life of the longer period is readily 
determined from the rear portion of the curve {CD) and the half-life 
of the other may be estimated by subtracting the contribution of the 
longer period {CG extrapolated from the linear portion DC) from the 
total activity {ABC). The resulting plot {EF) is the decay curve of 
the shorter-lived activity. This procedure (sometimes referred to as a 
‘peel off’) is applicable to decay curves in which there are several com¬ 
ponents, provided the half-lives are sufficiently different. 

Errors introduced by such extrapolations are cumulative so that the 
shortest period will be subject to the greatest error. Accuracy may be 
increased by statistical computation (see p. 61) or by application of 
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the ratio method to the longest period (see p. 65). The contribution 
of the longest period during the decay of the shorter periods may then 
be accurately calculated. 

Half-lives of similar value are usually difficult to resolve in a decay 
curve. For instance, = 12*44 hrs.) cannot easily be distinguished 

from ^Na = 14*8 hrs.) when present in a mixture. Even larger 



differences in half-life may be difficult to observe if one period is present 
in much smaller amounts than the others. In such cases, hypothetical 
decay curves, computed from artificially constructed components, will 
give an indication of the degree of resolution possible. On the other 
hand, the determination of half-lives may be used as an extremely 
sensitive method of detection of a given radiochemical species if the 
half-period is sufficiently different from that of other activities present. 
For instance, a fraction of a per cent, of, say, strontium (^^Sr, = 54 

days), could be detected in the presence of barium (^^^Ba, = 84 min.). 

The accuracy vnth which a half-life may be determined by observa¬ 
tion of the actmty at intervals during the decay is dependent on the 
accuracy \vith. which each individual observation may be made. 
Determination of the error in a particular observation is a problem 
common to aU radioactive techniques and is considered more fuUy in 
Chapter VI. In the determination of a half-life, as in any series of 
comparative radiometric measurements, aU experimental conditions 
should, as far as possible, be maintained constant. The sensitivity of 
the measuring instrument, for instance, may vary and to correct for 



56 


KADIATIONS AND RADIOACTIVE DECAY 

errors from this cause the efficiency is checked by use of a 'standard* 
source, the activity of which does not change within the period of the 
experiment. For /3-emitting isotopes, a source should be used with 
radiation characteristics as close as possible to that of the sample being 
measured, so that the sample and the standard source will be affected 
to the same extent by any changes in the conditions of measurement. 



Time —^ 

Fig. 2.5. Relation between o and a^. 


(For instance, when the source is external to the measuring instrument 
changes in atmospheric pressure can affect the attenuation of low- 
energy ^-particles such as those emitted from and may result in 
variations of several per cent, in counting rate.) A selection of radio¬ 
isotopes suitable for use as standards is given in Table 6.1. 

When using a Geiger-Miiller tube, sources should be left in position 
for a few minutes before taking readings, since a steady counting ratef 
may not be obtained at once, particularly when the previous source is 
of widely differing activity. The cause of this hysteresis is not known. 
If the half-life of the unknown is short, it is better to omit the use 
of a standard altogether and rely on the stability of the counter 
assembly. When the duration of each observation is less than half the 

t Since, in the use of a Geiger-JIulIer tube, each individually observed particle may 
be distinguished, it is possible to count the number of particles entering the tube. It is 
customarj', therefore, to refer to the observed disintegration rate as the ‘counting rate* 
and when ‘counting a source’ one measures its activity per unit time. 







DETERMINATION OF HALF-LIVES 


57 


half-life, the disintegration rate may be assumed to be the activity at 
the midpoint of time of the observation, but if the period of counting is 
comparable with the half-life, this assumption may lead to error. This 
is shown in Fig. 2.5, in which the observed activity is plotted against 
time. When the decay curve cannot be assumed to be linear over the 
whole counting period a correction should be applied, the magnitude 
of which is determined by the ratio of the counting period (< 2 —^ 1 ) to 
the half-life. The observed mean activity over the duration of measure¬ 
ment is /, 

J (a),j dt 


d= 


h 
\ dt 

ti 

where (a)^^ is the true activity at the commencement of the determina¬ 
tion. Hence \ 

^ (2.25) 

Kh-h) 

where At = t ^— 

Now the real activity at a time t = §(^ 1 +^ 2 ) is 

A/^ — 1A A/ 

(from equation 2.25). 

1 C 


Hence 


^ = 0-693 X ^ X 
a 


g-0-347(ii,7j) 
l_g-0 693(A/;7j) 



cosech(0’347A///j). 


(2.26) 


The magnitude of tliis correction for different values of A///^ is given in 
Table 2.1. It will be seen that the error in assuming d to be equal to 
is small for most practical cases, although it may be serious when the 
half-life is very short. 


Table 2.1 

Correction factors necessary for measurements of given duration 






U 

d 

h 

d 

100 

0-218 

0-8 

0-987 

5-0 

0-635 

0-7 

0-990 

4 0 

0-738 

0-6 

0-993 

3-0 

0-841 

0-5 

0-994 

20 

0-925 

0-4 

0-997 

1-5 

0-955 

0-3 

0-998 

10 

0-980 

0-2 

0-999 

0-9 

0-984 

o-ou 

1-000 

J__ 
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A. Statistical errors 

All random processes including radioactive decay are subject to 
fluctuations in measurement due to tbe statistical nature of the process. 
Thus even if a source of constant activity is measured under conditions 
which, exclude all errors in measurement, the number of disintegrations 
observed in successive periods of fixed duration will not be constant. 
It is therefore important to understand that statistical fluctuations 
caimot be avoided in radioactive measurement although by careful 
design of the experiment they may often be made negligible compared 
with other experimental errors. 

Compared with the total number of atoms present in a radioactive 
sample the number which disintegrate in a finite time is small. In a 
statistical sense, therefore, radioactive disintegrations are rare events. 
The frequency of rare events may be described by a Poisson distribu¬ 
tion, such that if the chance of a given event occurring is small, com¬ 
pared with the chance of it not occurring, then the expected frequency 
of it occurring, 0, 1, 2,..., i,... times is given by the value of the corre¬ 
sponding terms in the expression 



1-fm-l- 


m 

~ 2 \ 


+ ••• + 



Thus if the mean frequency of an occurrence is m, the event also occurs 
at frequencies greater and less than m. The distribution of events 
following a Poisson equation depends on the value of m, and although 
it appears continuous for large values of m, there is in fact a discon¬ 
tinuity at each value of i, the frequency of occurrence (10). 

Now in a radioactive measurement, if m is the average counting 
rate, the chance of any particular observation of the measured counting 
rate being within given limits may be estimated from the so-called 
‘standard deviation’ (ct). This is defined as the square root of the 
arithmetic mean of the squares of all the deviations from the average 
value. Thus, if is the difference between the average count, x, and 
one particular count, x^, of n determinations of the same sample, thenf 




1 1 

For the particular case of Poisson distribution, the standard deviation 


n 

t There is some justification for using ^ A?, but the above equation is 

accurate enough for all practical purposes in radiochemical investigations. 
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is also equal to the square root of the average counting rate determined 
over a long period. Hence a method is available for estimating the 
statistical significance of a given result. From statistical theory there 
is a 2‘15 to 1 (or 68*27 per cent.) chance that a given result will be 
different from the average by an amount less than the standard devia¬ 
tion. Similarly a deviation greater than 2(7 can be expected with a 
chance of 1 in 20 (4*55 per cent.). Also the arithmetic mean deviation 
from the average count is equal to 79*80 per cent, of the standard 
deviation. 

The ‘probable error’ is that deviation for which there is the same 
probability of a result with a deviation less than this value as there is 
of a result with a greater deviation; in this sense the probable error is 
0-674 times the standard deviation. Although the standard deviation 
and the ‘probable error’ reflect the unavoidable statistical variation of 
results, neither gives the error in a given observation, and it is quite 
likely (and on statistical theory necessary) for some of the observations 
to lie outside the standard deviation. 

With these reservations, the statistical error in a given result may 
be estimated by taking the square root of the number of observed 
disintegrations, since this is equal to the standard deviation. Thus for 
a total of 10,000 counts the standard deviation is 100, and there is a 
68-27 per cent, chance that the true result lies between 9,900 and 10,100 
and a 95-45 per cent, chance that it lies between 9,800 and 10,200. 
(The true result is that which would be obtained from the average 
counting rate, determined from an infinitely long observation.) Thus 
there is 95-45 per cent, chance that the percentage error is less than 
2 per cent. In order to be reasonably certain that any result is accurate 
to ±5 per cent., it is necessary to make a total of about 2,000 counts. 
The standard deviation is then 44-72, and there is a 95*45 per cent, chance 
that the result is accurate to ±1'^^ cent. (2 (t). The probable error 

, although for convenience 
to express the statistical 


/ 0-672 X 44-72 X 100\ 

is then 1-51 per cent. I =--1 

the standard deviation is usually preferred 


error. 

It will be seen from this discussion that the greater the total number 
of observed events, the greater the statistical accuracy; hence as larp 
a number of events as practicable should always be observed. At dis¬ 
integration rates of, say, 10 per minute or less, recording for several 
hours is necessaiy in order to achieve a total of 2,000 observed 
disintegrations which would give only about 5 per cent, accuracy. 
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High disintegration rates should therefore be maintained whenever 
possible. 

If a quantity, estimated arithmetically, is a function/(.d, B) of two 
quantities A and B, of standard deviations cr^ and og respectively, then 
the standard deviation of the result can be shown to be given 

approximately by the relationship 

= (2.27) 

where and are the first differentials of the function f{A, B) with 
respect to A and B respectively. Using this equation, the standard 
deviations of some functions of A and B have been evaluated, and are 
tabulated in Table 2.2. 


Table 2.2 

Standard deviations of arithmetically combined qiuintities 


Quantity 

Standard deviation 

A 


B 


IIA 

A^ 

A±B 



2aA 

Ai 

aJ2Ai 

AB 

B^Aa%A^)i 

AjB 

Alai <7j\4 
B\A^ ’ BV 

In^ 

^a!-^ 

ln(^ + B) 

A-\-B 

MAIB) 

\A^ ' B2/ 




An important case is the estimation of the activity of a source by the 
difference between the observed activity obtained with the source 
present and the natural background activity obtained from stray radia¬ 
tion in the absence of source. If the total number of counts obtained 
in a given period in the presence of the source is 400, for instance, and 
the natural background gives a count of 64 d.uring the same period, 
then the standard deviation of the result obtained by diiference (the 
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activity of the source) may be estimated from the square root of the 
sum of the squares of the deviations of the two observations, thus 



Count 

Standard deviation (a) 

100<7 

count 

Source and background . 

400 

20 

5 

Background . 

C4 

8 

12-5 

Activity of source . 

400-64 = 336 

(20*+8*)4 *= 21-5 

0.4 


Hence the standard deviation of the result obtained by difference is 
6-4 per cent, of the count, compared with the 5 per cent, for the devia¬ 
tion of the backgiound and source together. In order to reduce the 
effect of statistical fluctuations on experimental results it is usual to 
eliminate tlie background count 4 s far as possible by adequate screen¬ 
ing of the counter from stray radiation and to measure it as accur.ately 
as practicable by detennining it over a prolonged period. In this way 
the standard deviation of the background count and hence the result 
obtained by difference is kept low. It is not usually profitable, however, 
to determine the background count with a standard deviation less than 

the count of the source and background together. 

Statistical considerations may be applied to results only when the 
total number of observed disintegrations is high. For small numbers 
the standard deviation cannot be estimated merely by taking the square 
root, since these statistical laws are valid only for large numbers of 
events. For a total number of events gr eater than about 30, only small 
errors are introduced by an appUcation of the above rules. An estimate 
of the statistical error involved for different total numbers of counts 

greater than 30 is given on p. 291. 


B. The determination of half-lives with known statistical 

accuracy 

In deteimining the half-life of a radio-isotope by measuring the dis¬ 
integration rate at different times during the decay, the standard 
deviation of each observation is usually different (unless care is taken 
to ensure that it is always the same) and an estimate of the statistical 
accuracy of the resulting half-life requires a prolonged calculation given 
below. Graphical determination of a half-life from the plot of the 
logaritlim of the activity against time is in general sufficiently accurate 
for practical purposes. The limits of accuracy of the graphical method 
may be estimated from the slopes of the lines with maximum and 
miidmum gradient which may be drawn through the experimental 
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points to give a reasonable fit. Whilst the accurately computed half- 
life (see below) agrees well with the value obtained graphically from 
the best fit of the experimental points, it is difficult to assess the 
statistical error in the latter case. The computation of a half-life and 
its statistical error by the method given below is therefore worth while 
only when greater accuracy is required, or when the graphical method 
cannot be used satisfactorily for other reasons (e.g. if the counting rate 
is low). The method is arithmetically tedious, especially when activities 
of different half-lives are present (see p. 55), and except in special cases 
the graphical method would normally be used. 

The simplest method of determining a half-life with calculable statis¬ 
tical accuracy is to measure the time necessary for a fixed total count 
to be obtained during each observation. Thus if the number of seconds 
required for, say, 10,000 counts is determined for each point on the 
decay curve, then the standard deviation of all the results is 100 , and 
the half-life is obtained with an easily computable standard deviation 
(see below). If this method is used, the average activity obtained should 
be referred to the midpoint in time of each observation and not to the 
time of commencement. Since longer periods of coimting may be 
necessary as the counting rate falls, this method is not very accurate 
when applied to the determination of short half-lives (say less than about 
15 min.). In such cases a reasonable number of counts cannot be ob¬ 
tained towards the end of the decay in a time which is small compared 
with the half-life. 

In the general case when X 2 , arg,... are the numbers of counts 
observed at times tj, tQ, ^ 3 ,... taken over counting periods of duration 

2 ^ 2 ) Q-nd assuming a Poisson distribution for the counts obtained, 
it can be shown ( 11 ) that the most probable value of the disintegration 
constant, A, is given by 


> ^ I 1 ^n-^n I ^n)1 


(2.28) 


A simpler expression is obtained when the total number of counts 
in each observation is always the same, namely 


, _ I [{ln(xJT„)}{nt„- 2 «„)1 

The standard deviations in the value of A obtained in this way are 
respectively ax — [2 ^,1 2 corresponding to equa¬ 
tion (2.28) and = [a :{2 —(2 07”}]"^ corresponding to equation 
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(2,29) and from Table 2,2 it will be seen that the half-life has a standard 
deviation given by 


,,, = "a. (2,30) 

Hence both and the standard deviation may be accurately esti¬ 
mated. 

Example. The values given below of x, the total number of counts, 
T the duration of the count, t the time from the commencement of the 
experiment, and x^ the count obtained from a standard source at a time 
t, were determined to evaluate the half-life of ^^^Sn: 


Sample 

1 

2 

3 

4 

5 

6 

X . * 

T (min.) 
t (hrs.) 

15,697 

14 

0 

9,020 

25,120 

24 

22-5 

9,050 

22,272 

24 

71-5 

9,320 

13,539 

21 

196-5 

8,640 

20,944 

38 

263 

8,810 

8.618 

23 

436 

9,260 


The calculation to obtain the half-life and the statistical error in¬ 
volved was made as follows. From all observed counts the background 
count b (100 in 10 min.), was subtracted, and the observed activity 
corrected for variations in the counter efficiency (by relating all x- 
values to an x^ of 9,000). The standard deviation (cr,) of the corrected 
coimt (Xj) was estimated from the following relations derived by use of 

equation (2.27). 

Expression used to apply correctioti Standard deviation 

y = x-b 

y X 9000 „ ^ 9000.V (ov ■ 

Xt= - — ‘ ar, \y- xl/ 

In this example no conection for the dead time of the counter was 
necessary (see p. 143), but the appropriate statistical error could be 
obtained if necessary in a similar manner. The value of ct, thus obtained 
gives the statistical accuracy of the individual points. The method of 
estimating the half-life given above assumes that the statistical error 
involved is solely that obtained from a count x in a time T, and the 
standard deviation is taken to be x^. In fact it is <t,. which is not equal 
to x^ since corrections have been applied to the measured count x. 
The values of x, and T must therefore be corrected so that new values 
(x; and T') are obtained for which a? = x',. These values of x, and 1 
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are then used to calculate the half-life and its statistical error as shown 
in the following table. 


Sample 

j 

2 

3 

4 

5 

6 

Sum 

• t • • 

• \ 

15,540 

24,770 

21,298 

13,901 

21,031 

8,161 



124-7 

157-4 

145-9 

117-9 

145-0 

90-3 


a( (see above) . 

133-1 

107-3 

151-9 

120-6 

153-7 

92-2 


T (min.) , 

14 

24 

24 I 

21 

38 

23 


xl{=o‘j). 

17,718 

27,973 

23,064 

10,022 

23,627 

8,688 

= 117,094 

T' (min.) (= . 

15-96 

27-10 

25-99 

24-20 

42-69 

24-49 

t (hra.) 

0 

22-5 

71-5 

196-5 

263 

430 


ln(xl/T') . 

7-012 

0-939 

0-787 

6-495 

6-316 

5-872 


x;txio-‘ 

0 

0-29 

10-49 

31-48 

62-14 

37-88 

S 

= 164-3 xl0» 

(xJfSxJ-xtS jJOx 

X io-"> 

-27-34 

35-79 

-16-28 

+ 12-14 

+ 36-31 

+ 30-96 

x;<*xio-* 

0 

141-6 

1,179 

6,186 

16,343 

10,616 

= 4-037 X 10* 

L = [in X r-- 

-x;Sxioxio-'» 

-1-917 

-2-484 

-1-105 

+ 0-789 

+ 2-293 

+ 1-817 

Si 

= -8-07x10“ 


M = 'Lx\'Zx\t^-(Lx\t)* = 2-346xl0‘< 


Hence A = — ^ = 0-002587 hrs.-^ 

and = 267-9 hours. 

Now aA = 1^2 x\ "* 

2-381x10141 -i 
1-171 xlO^J 

= 2-234x10-5. 

Hence a, = 

_ 0-693x2-234x10-5 
~ (2-587 X 10-3)2 

= 2-3 hours. 

Thus we see from these results that the statistical uncertainty in the 
half-life of 267-9 hours corresponds to a standard deviation of 2-3 hours. 
It should be appreciated that this does not naean that the half-life has 
been determined with this accuracy, since the above calculation does 
not make any allowance for errors in experimental procedure. For 
instance, if a radiochemicaily impure species has been used to determine 
the decay, the half-life obtained may be considerably in error. In the 
example given there was a few per cent, of (/* = 130 days). The 




4-037x103 
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computation gives that value of /j wliich best fits the experimental 
results obtained, and it is implicitly assumed that an exponential decay 
of a single radioactive species is the sole factor causing the change of 
counting rate. 

If two simultaneously decaying species are resolvable, this method 
may be applied directly to the experimental observations after the 
shortlived activity has vanished. Points on the decay curve of the 
shortlived activity may be obtained by subtraction of the calculated 
contribution of the longer-lived activity and the standard deviation of 
each point calculated using equation (2.27). The shorter half-life may 
then be determined by computation as above. 

This calculation assumes that the decay occurring during each period 
of measurement is negligible. If a single rapidly decaying emitter is 
present, it is usual to determine the half-life by the so-called ‘ratio 
method* in which only two observations of the activity are made during 
the whole period of decay. The statistical error in the half-life is easily 
computable in this case using equation (2.27). 


Let R = 


no. of counts during the period from t = t^to t = co 
no. of counts during the period from ^ = 0 to ^ = co 



Hence 


or 


f x^e-^ dt 

J x^e-^ dt 
0 

In jB = = -0 093^ 

—0*693^ _ —O-SOlO^i 
” liTR “ logio R 


(2.31) 


(2.32) 


If and ag are the standard deviations of the two measured quanti¬ 
ties x^ and x^ in equation (2.31) (allowance having been made for the 
background), then 

If a paralysis correction is necessary (see equation (3.3), p. 144), equation 
(2.31) must be replaced by 

1 —i-rpT 



(197 


F 
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where Xq is the initial counting rate (which must be known) and t is 
the paralysis time. 

Thus by determining the value of R either directly from the coimting 
instrument or by integration of a decay curve, an accurate value of 
the half-life may be determined. It has been shown by Peierls (12) that 
provided the emitter is allowed to decay to zero (as has been postulated 
in equation (2.32) the ratio method is most accurate when xjx 2 is 0*20. 

In cases in which complete decay of the emitter cannot be observed 
for experimental reasons we may write 


R = 


no. of counts during the period from t = tito i 


h _ 


no. of counts during the period from ^ = 0 to ^ = ^2 


I Xq dt 

!i_ 

it 

j XQe~^ dt 


1—e-A/» gA/f— I 


If we now make ^2 = we have 

1 


R = 


g2A/i— I eA/i_j_2* 


Hence 




or 


^ = 0-693iiyiogio|- 


-R' 
R 


It can also be shown that 


(2.33) 


^ ^ {^2 

Thus, by measuring the total number of counts in two successive periods 
of equal duration (which should be as long as possible) the half-life 
may be determined with calculable statistical error which in this case 
is a minimum when xjx^ — 0*5. The method is again only accurate 
provided there is a significant change in the activity during the period 
of measurement; the ratio method should not be used for determining 
very long half-lives. 


G. Some special examples of half-life determination 

Although the general methods described above are directly applicable 
to many cases, some modifications may be necessary when the half- 
life is very long (see section D) or very short (see section E). Some 
change in experimental technique may also be desirable in other cases. 
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Particles emitted by radio-elements decaying with short periods are 
in general more energetic than those emitted by long-lived isotopes, for 
instance. If a thin piece of aluminium foil is inserted between the 
source and the counter, the less energetic particles will be absorbed to 
a greater extent and the activity measured will be weighted in favour 
of the shortlived components, the decay of which may therefore be 
determined by the *peel-off * method with greater accuracy (see p. 64). 
In the particular case of a y-emitting radio-element in the presence of 
simple )3-emitters, detection of the former is facilitated by interposing 
a lead screen between the source and the measuring instrument to 
absorb all the )3-particles. Alternatively the counter may be replaced 
by a detecting instrument sensitive to y-rays only. 

Another example is the identification of particular activities obtained 
by neutron irradiation. In this case the maximum activity of a given 
species is obtained, within a few per cent., in a time equal to about six 
half-lives (see p. 51). Thus when sodium phosphate is irradiated with 
neutrons, the 14‘8-hr. sodium activity reaches over 97 per cent, of its 
saturation value within about 90 hrs., whereas the 14 07-day phosphorus 
activity does not attain this state until after 84 days’ irradiation. Thus 
the radioactive composition of a particular target material may be 
varied by choice of irradiation time, a higher proportion of shortlived 
activity being obtained with short iiradiations and vice versa. By 
convenient choice of the time of irradiation, analysis of the results is 
facilitated. 

Separation prior to half-life determinations may be an advantage. 
Separation is usually performed chemically, but in cases where this is 
precluded (e.g. for two radio-isotopes of the same element) a physical 
method must be used. The work of Inghram and Hayden (13) on the 
identification of the actiWties in irradiated rare eai-ths is an example. 
The samples were separated as ions in a mass spectrometer and col¬ 
lected on a photographic plate. After separation a second plate was 
placed on top of the first and allowed to fog under the action of the 
radiation, thus indicating which masses were radioactive. By adjust¬ 
ing the periods of contact of the two plates so that the blackening of 
the second plate by a particular activity was approximately constant 
for successive exposures, the half-life could be estimated from the times 
of exposure and the differences in blackening. 

The determination of the half-life of a particular emitter in a mixture 
is also facilitated when the radio-element gives rise to a radioactive 
daughter. If the daughter element is chemically separated at equal 
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intervals of time from the mixture, then the activity of the daughter 
at the time of separation is proportional to that of the parent. By 
making a series of such extractions from the same mixture (14) the 
half-life of the parent may be determined from a plot of the logarithm 
of the activity of each separated daughter specimen against the time of 
separation. The observed value of the daughter activity must be cor¬ 
rected for chemical yield as well as for decay, etc, 

A method has been described (15) for determining half-lives which 
are too long to be conveniently measured by normal methods but short 
enough for significant decay to occur within a few weeks (i.e. 6 months 
< < 10 yrs.). Rather stronger sources are necessary than in other 

methods and the source must be radiochemically pure. One of two 
ionization chambers (of as nearly the same capacity as possible) is used 
to measure the activity of a standard source of constant activity (e.g. 
radium) whilst the other indicates the activity of the decaying emitter. 
The difference in ionization current obtained in the two chambers is 
recorded by a sensitive electrometer. After a suitable interval the 
decaying sample is again compared with the standard. From two (or 
more) observations the half-life may be calculated. Since the small 
differences in ionization current can be determined in this way with 
comparative accuracy, relatively long half-lives can be rapidly evaluated. 
From measurements made at intervals over a period of 8 days, Segre 
and Wiegand obtained a value of 5*08 yrs. for the half-life of ®®Co by 
this method, in close agreement with the accepted value. 

To identify the components of a complex mixture of a-particles, an 
ionization chamber and pulse analyser (or ‘kick-sorter’) are useful (see 
Chap. IV). This is an instrument capable of resolving electronically 
and recording separately the number of a-particles in different energy 
groups (see p. 185). Thus, provided resolution is possible, the change 
in activity of any particular a-particle emitter can be observed and the 
half-life determined. Due to the wide range of energies of particles 
emitted by ^-active isotopes, an analogous method using a jS-ray spectro¬ 
meter is of limited application, although the recently developed scintilla¬ 
tion )8-spectrometer may make the method easier. 

D. The determination of very long half-lives 

For radio-elements which decay with half-lives of more than a few 
years, the activity is sensibly constant over long periods, so that 
measurement of decay cannot be made with accuracy. Two methods 
of determining the half-life have been used in such cases (16). 
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(a) By radioactive equilibrium. This method is limited to radio¬ 
isotopes which have had time to reach equilibrium with their decay 
products. When a daughter nucleus B is in radioactive equilibrium 
with its parent the rate of disintegration of both nuclei is the same 


and 




If the ratio of the numbers of atoms of each element can be 

chemically determined, and the half-life of one of the species is known, 
then that of the other may be estimated. Thus the half-life of uranium 
(238U), which decays to radium by the following chain, has been esti¬ 
mated from the known half-life of radium (1,022 yrs.). 


238U UXi{234Th) UX2(“^Pa) ^ 234U 226Ra. 

Although there are six members of this chain, it still remains true 

that at equilibrium ^ 

A„=t^xA 


N. 


‘na> 


u 


and from the ratio of radium to uranium (3-51 x 10-’) determined by 
analysis of species of pitchblende and other radioactive minerals in 
equilibrium, the half-life of uranium is obtained as 4-51x103 yrs. 
As the abundance of in natural uranium is only 0-005 per cent., 
the total number of uranium atoms may be taken as equal to the 
number of atoms vdth only a small correction for the 0-71 per cent, 
of 335U present. 

(b) From the disintegration rate. If the total number of active atoms 
{N) of the given species and the absolute disintegration rate {dNjdt) 

are determined, then 


dN 

dt 


= -XN 


from which A may be obtained. The method thus depends on measuring 
or estimating the activity of a known amount of a given emitter. 

The number of atoms of a given radioactive species may often be 
determined by chemical analysis, or in some cases by direct weighing. 
Thus, in the case of radium, the weight of the products of disintegration 
are negligibly small and the number of radium atoms can be estimated 
from the weight of the source. The half-lives of both radium and 

uranium have been determined in this w^ay (17). 

In estimating the number of active atoms a correction is often 
necessary for the presence of inactive isotopes. Thus m determining 
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the half-lives of and i®Be the relative abundances of inactive isotopes 
of these emitters have been determined by use of the mass spectro¬ 
graph (18). 

The activity is sometimes determined by direct measurement or 
estimated from the activity of a descendant known to be in equilibrium 
with the element from which it has been isolated. Methods of determin¬ 
ing the absolute disintegration rate of a source are described below- 
(Chap. VI). If more than one active species is present in the sample 
which is used to determine the activity, it may be difficult to estimate 
the contribution of unwanted emitters. Chemical separation may some¬ 
times be used, but if other active isotopes of the same element are 
present it is necessary to know their genetic relationship, or if they are 
independent radio-isotopes, the amount of the unwanted activity 
present. 


The disintegration rate need not necessarily be determined from the 
measured activity directly, and secondary effects may be used instead. 
Thus Novick (19) has determined the half-life of tritium (®H) from the 
amount of ^He formed by decay. The amount of tritium in hydrogen 
was determined spectroscopically (and confirmed by the density of the 
water obtained on burning in oxygen) and after several weeks the ®He 
formed was separated by removing the hydrogen through a heated 
palladium thimble. The disintegration rate of the tritium is then equal 
to the number of ^He atoms formed in unit time (the half-hfe of 
being long enough for a constant rate of decay to be assumed). From 
the known amount of tritium originally present, the half-hfe was 
obtained as 12*ldi0*5 yrs. 

Strassmann and Walling (20) have estimated the half-life of ®^Rb by 
a determination of the amount of ®’Sr in a mica of known geological 
age. The strontium was almost pure ®^Sr, and since the abundance of 
this mass number in natural strontium is only 7 per cent., most of it 
must be derived from ®’Rb by /3-decay. The decay of ®’Rb occurs 
according to the equation 


and the growth of ®’Sr according to 

-^sr = (-^VabloCl— 


Hence = i——e^Rb'—1 . (2.34) 

Nr^ e-^Rbt '' ^ 

The ratio of the number of atoms of ®^Sr and ®’Rb enabled a half-hfe 
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of 6-3x10^® yrs. to be assigned to ®’Rb since the age of the mica, 
could be estimated. The value is in good agreement with a recent 
estimation from the disintegration rate (21). 

The half-life of plutonium has been estimated from the heat generated 
by the a-particles emitted by a given weight of plutonium in a calori¬ 
meter (22). Knowing the energy of the a-particles the disintegration 
rate may thus be calculated. This method is not generally applicable, 
however, owing to the difficulty of measuring the small rise in tempera¬ 
ture obtained, but it has also been applied to jS-emitters (23), for w’hich 
larger sources are necessary on account of the smaller energy loss per 
unit volume of /3-particles compared with a-particles. 

E. The determination of very short half-lives 

The direct determination of half-lives of less than a minute usually 
requires some ingenuity in presenting the sample to the counter within 
a time comparable with the half-life, and for very short half-lives special 
electronic equipment may be necessary. Many different mechanical 
devices have been used for this purpose. As an example (the half- 
life of which is less than ^ sec.) was made by deuteron bombardment 
of a boron oxide target, which was fused on an aluminium disk rotating 
in its own plane at high speed. After irradiation the boron oxide passed 
close to a counter mounted near the edge of the disk and the activity 
could thus be determined as a function of the angular velocity. A value 
of 0*022^0-002 sec. w'as obtained for the half-life (24). The lifetime of 
some of the neutron-emitting isotopes of very short periods obtained 
in fission of uranium nuclei have also been determined. The uranium 
was placed in a container small enough to be blown by compressed air 
from the pile in which it was irradiated to a neutron counter in as little 
as 0*5 sec., and a half-period as short as 0-43d:0*05sec. was detected (25). 

A method w^hich is applicable to volatile radioactive isotopes with 
radioactive daughter products has been used with some of the gaseous 
fission products of uranium (26). During neutron irradiation of a uranyl 
salt solution the gaseous fission products were carried away by a stream 
of air bubbling through the solution. After passing through a trap to 
remove spray, the gases w-ere streamed at a constant velocity through 
a long tube down the axis of wliich there was a charged wire. As the 
gas decayed, it produced charged particles (e.g. radio-krypton gives 
charged radioactive rubidium atoms) which could be collected on the 
Avire. After the conclusion of the experiment the wire was removed, 
cut into equal sections, and analysed for the decay products of the rare 
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gases. The half-life of the gas was computed from the known gas 
velocity and the distribution of activity along the wire. 

An extension of the method of periodic separation of a daughter 
activity to determine the half-life of the parent has been elegantly 
adapted by Sugarman (27) to study the very short half-lives of some of 

the early members of decay chains obtained in uranium fission. Thus 
in the chain 


87Br -1-87Kr 

unknown 


-^ 8’Rb 

74 min. 



6*3 X 10^0 yrs. 


®’Sr (stable) 


the amount of ®7Kr formed by complete decay of a sample of ®’Br 
(separated very rapidly as silver bromide from the fission products) 
depends on the neutron flux, the time of irradiation, the amount of 
uranium used, the time of precipitation of the silver bromide after the 
end of the irradiation, and the half-life of ®7Br. By maintaining all 
conditions constant except the time of precipitation, and estimating 
the ®7Br activity from the yield of ®’Kr obtained by decay, the half-life 
of ®’Br was determined as 66-l±0-6 sec. Since the half-life was too 
short to allow several separations of silver bromide from the same 
sample of irradiated uranium, each observation had to be determined 
on independent samples. Similarly, since iodine was also precipitated 
vdth silver bromide it was possible to determine the half-lives of several 
shortlived iodine isotopes from the activity of the Xe, Cs, or Ba 
descendants; values of 19-3i:0-5 sec., 6-9±0*4 sec., and 2*7i0'l sec. 
were obtained for and respectively. 

Special electronic methods of counting are necessary for accurate 
work on activities of very short decay periods. These involve the use 
of coincidence circuits (see Chap. IV). The source is exposed simul¬ 
taneously to two counters and the number of times both counters 
record a disintegration at the same time is determined by use of a coin¬ 
cidence circuit. Owing to the finite time required for a particle to be 
recorded (usually of the order of several hundred microseconds for a 
Geiger-Miiller tube) the disintegrations recorded by each of the counters 
may occur at slightly different times but still be registered as a coinci¬ 
dence. Now if a radioactive isotope decays to produce another of very 
short half-hfe, then two particles are produced consecutively. If the 
time interval within which the two counters record coincidence is 
variable, the relationship between coincidence rate and resolv in g time 
can be determined, from which the half-life of the daughter may be 
estimated. This method was used by Dunworth (28) and by Rotblat 
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(29) to determine the half-life of RaC* (145^5 microsec.), using in 
coincidence (a) an instrument sensitive to the a-particles of the RaC' 
and ( 6 ) a Geiger-Miiller counter sensitive to the j5-particles of the parent 
RaC. Other electronic methods have also been used by some workers 
(16, 30), 

3. Radiations emitted by Radioactive Material 

The two principal properties which characterize a radioactive bodj' 
are (a) the rate at which it decaj^s, and ( 6 ) the energy of the emitted 
radiation. The methods of determining the former have been discussed, 
but before the practical detennination of the latter can be described 
it is necessary to consider the properties of nuclear particles and radia¬ 
tion and the means by which they may be distinguished. 

A. a-particles 

Until very recently all known a-emitters, with the exception of 
samarium, had atomic numbers greater than 82. Of the naturally occur¬ 
ring emitters several have been produced artificially, polonium (RaF) 
for instance being obtained by bombarding bismuth with deuterons 
(31). It is formed both as a result of the nuclear reaction ^ooRi {d,n) 
2ioPo (RaF) and by decay of the ^^^Bi (RaE) resulting from the 
{d,p) "'°Bi reaction. Many of the isotopes of the artificially produced 
elements of atomic number greater than 92 are a-active, and some are 
of long half-life (e.g. neptunium, ^a^Np, = 2*2 x 10® yrs. (32)). The 
only naturally occurring a-emitting element of long half-life with atomic 
number below 83 known at the present time is samarium which emits 
an a-particle of relatively low energy (2-0 MeV) with a half-life of 10^^ 
yrs. (calculated for the element since the isotope responsible is not 
certain). In November 1949, however, several shortlived a-active iso¬ 
topes of lower atomic number were obtained by bombardment with 
200 MeV protons (33). A half-life of 4-3 min. with an a-energy of 5-2 
MeV was attributed to a gold isotope which also decays by ^+-emission. 
Similarly, a-active isotopes were produced by the bombardment of 
gadolinium and dysprosium oxides, when rare earth activities with 
half-lives of '-'7 min., ^20 min., and ^4 hrs. were recorded. 

a-particles are helium atoms stripped of their two orbital electrons. 
They are emitted from nuclei with a large velocity characteristic of the 
isotope concerned (see later). Velocities range from 2*0x10^ cm./sec. 
for ThC', corresponding to an energy of 8*776 MeV, to a lower limit 
of 9*8x10® cm./sec. equivalent to 2*0 Me\ for samarium. Owing to 
their positive charge, a-particles are deflected by a magnetic field, but 
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V 


because of their large mass relative to jS-particles they require a much 
higher field strength to give the same deflexion. Their energies may 
be determined by this means, knowing the field strength and the radius 
of curvature of the track of the particle (34); other methods are to 



Fio. 2.6. Specific ionization of a*particles of different ranges. 

determine the amount of ionization produced or the length of the a- 
particle track. 

a-particles lose their energy in passage through matter by collision 
with the bound electrons, as a result of which electrons and positive 
ions are set free. Some energy is also lost by raising the bound electrons 
in the unionized atoms to excited states and therefore the energy loss 
of the a-particle and the ionization produced are not exactly propor¬ 
tional. Theoretical calculation of the rate of loss of energy in simple 
substances agrees well with the values derived from the observed ranges 
of a-particles from the naturally radioactive elements (35) (i.e. the 
length of track before loss of ionizing power). Collisions of an a-particle 
with nuclei are relatively rare and on the average contribute little to 
the loss of energy. 

Early experiments showed that the track of an a-particle in air was 
relatively short and that after a path of a few centimetres no further 
ionization was obtained. Examination of the amount of ionization per 
cm. of track (the specific ionization) has shown that it is not constant, 
but rises to a maximum near the end of the path and then falls rapidly 
to zero. This is characteristic of all a-particles, those of higher energy 
having a longer region of lower specific ionization than those of lower 
energy (see Fig. 2.6). In this region the specific ionization is approxi¬ 
mately one-half of that at the maximum. Near the end of the track 
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the a-particle may capture an electron and travel as a singly ionized 
helium atom, as has been sho^vn by measuring the radius of curvature 
of the track in a magnetic field (36). The capture of any one electron 
is not permanent and the same helium nucleus may capture and lose 
electrons many times‘before it eventually captures two electrons and 



bor of particles penetrating to a given distance; 

D, number of particles with given range. 

ceases to cause ionization. Any residual kinetic energy is subsequently 
lost by elastic collision. Since an a-particle must expend about 32*5 eV 
of energy to ionize a ‘molecule’ of air, a 6 MeV a-particle will produce 
about 185,000 ion pairs before it is stopped. 

Although in general all the a-particles from a thin source of a given 
e mi tter have the same velocity, they are not all stopped at exactly the 
same point in air and there is some ‘straggUng’ (37). In the course of 
its path through matter the number of collisions (and the ensuing energy 
loss) which one particle undergoes is not necessarily the same as for 
any other similar particle. Thus the ranges of a large number of similar 
a-particles will be grouped around the mean value according to the 
Gaussian law of errors. The mean range is that distance {OB in Fig. 
2 .7) which reduces the number of particles to half of their original 
number and is the range which gives the maximum frequency of 
occurrence in the Gaussian distribution curve (i.e. it is the most probable 
value of the range). The mean range is a few per cent, less than the 
extrapolated range {MA in Fig. 2.7), although the latter is easier to 
determine experimentally. In recent years the mean range has usually 
been quoted in the literature. For thick sources (i.e. those in which 


t 
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some a-particles lose part of their energy in escaping) the situation is 
more complicated (38). 

With a few exceptions, the ranges (and the energies) of the a-particles 
emitted from a given isotope are the same and characteristic of that 
isotope. The ranges of a-particles from unstable nuclei usually lie 
between 3 and 9 cm. in air at 15° C. and 760 mm. pressure. For ranges 
(R) between 3 and 8 cm. in air, R varies directly as the cube of the 
velocity (F) of the particle (39), and since the kinetic energy {W) is 
proportional to the square of the velocity, then 

R = LV^ = MW^, 


where L and M are constants. The value of L is found (40) to be 
9-67 X 10-2®. Ranges greater than 8 cm, are approximately proportional 
to the fourth power of the initial velocity of the a-particle, whilst below 
3 cm. R is more nearly proportional to no simple formula describes 
the whole velocity range relationships. 

The range of an a-particle also depends on the medium which it is 
traversing. A rough estimate of the range in the absorber is given 


by (40) 


R = 3-2 X 10-" 5"^ 


where Rq is the range in air, p the density of the absorber, and A its 
average atomic weight. The range of an a-particle emitted by RaA is 
4*62 cm. in standard air, so that in, say, copper, it would lose its energy 
in a layer of thickness 1-32x10-® cm. (called the ‘air equivalent* of 
copper). A more widely used parameter which expresses the relative 
absorption of a-particles in materials of different atomic weight is the 
stopping power (iS). This is the reciprocal of that thickness of solid 
which absorbs a-particles to the same degree as does 1 cm. of air. 
Because of the complex relationship between range and energy, how¬ 
ever, the stopping power varies with a-particle velocity, so that quoted 
stopping powers are usually average values over a range of a-particle 
velocities. By dividing the stopping power by the number of atoms 
per cm.®, the atomic stopping power is obtained. This is usually nor¬ 
malized to that of oxygen as unity. Bragg observed that the atomic 
stopping power is roughly proportional to the square root of the atomic 
weight of the absorber (41), and Glasson pointed out that it is also 
proportional to the two-thirds power of the atomic number (42). Con¬ 
sidering the complex relationship between range, energy, ionization 
potentials, and atomic weight it is surprising that both of these rules 
are followed so closely. The ‘mass stopping power’, defined as the 
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stopping power divided by the density, is also sometimes used. It varies 
as the inverse of the square root of atomic weight of the absorber. The 
stopping power of a molecule is considered to be the sum of the atomic 
stopping powers of its constituents, independent of the molecular struc¬ 
ture (2, 38), 

If an a-particle strikes a fluorescent screen, some of the kinetic energy 
is converted into visible radiation and a flash of light (a scintillation) 
can be observed. This fact is the basis of the spinthariscope wliich was 
used in much of the earlier accurate work. Recently it has been found 
possible to replace human observation of the scintillation by an elec¬ 
tronic device wliich results in a much improved a-counting technique 
(the scintillation counter; see p. 138). a-particles are also capable of 
affecting the silver bromide crystals in a photographic emulsion so that 
the tracks can be observed after development of the plate. 

From what has been said of a-particles, a number of important 
practical points arise. Owing to their ready absorption in matter as little 
material as possible (preferably less than 0-2 mg./cm.-) should be present 
in any source whenever the activity is measured. Large angle scattering 
of an a-particle due to collision or near collision with a nucleus is quite 
a rare occurrence, but the successive collisions of an a-particle with 
a number of electrons may cause a small angle deflexion. The amount 
of scattering is greater for atoms of large atomic number. This is 
significant in a-counting experiments in some ionization chambers with 
the source mounted on a flat plate, when the solid angle subtended by 
the electrodes is often assumed to be 27r and the counter is taken to 
be 50 per cent, efficient. In practice, the efficiency may be slightly 
higher than this due to the smaU angle scattering. Since scattering 
increases with the atomic weight of the scatterer, the specimen should 
be mounted on source holders made of material of low atomic number. 
Back-scattering may cause errors of the order of 5 per cent, in a-count¬ 
ing experiments if a-active sources are compared under widely different 
conditions or when absolute measurements are necessary. Moreover 
the source itself (unless effectively weightless) may cause scattering of 

this order. 

B. j3-particles 

Many jS-emitters are known, some of which occur m the natural radio¬ 
active series, but the majority of them are produced artificially, ihe 
greater number of the active nuclei produced by slow neutron capture 
are jg-emitters. When the neutron to proton ratio is increased to a pom 
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where the nucleus becomes unstable, stability is usually regained by 
emission of a ^-particle. The ca«e of the ®^Cu nucleus is interesting in 
that the probabilities of decay by j6“-emission (to give ®^Ni) and by 
/3+-emission and iT-capture (to give ®^Zn) are sufficiently large for them 
to be simultaneously observed. On the other hand, uranium has a much 
higher neutron to proton ratio than stable nuclei of elements in the region 



Fio. 2.8. A typical spectrum of nuclear ^-particles. 

of atomic number 30-64 (the atomic numbers of the elements produced 
in uranium fission) and all the radioactive fission products are j3-active. 

)3-particles are electrons emitted by the nucleus although they are 
not considered to exist as such in the nucleus. They are generated as 
a result of the transformation of one nucleon (nuclear particle), the 
neutron, to another, the proton. They are emitted with great velocity 
which in some cases is only slightly smaller (a per cent, or less) than the 
velocity of light. Due to their charge, j8-particles are deflected by 
magnetic and electric fields. If a source of ^-particles is placed in a 
strong uniform magnetic field in a vacuum, the ^-particles describe 
circular paths, the diameters of which depend on the field strength 
and the velocity (and therefore on the energy) of each /S-particle. When 
the distribution of the energies of the )3-particles is estimated from the 
strength of the magnetic field and the radii of curvature, it is found 
that the nuclear ^-particles from a given emitter are not all of the same 
energy as in the case of a-particles. They have a wide distribution which 
is asymmetric with respect to its mean value but with a definite upper 
limit (^max) 2.8). The peak of the curve is usually at an energy 

of somewhat less than while the average energy of the jS-par- 

ticles is approximately (0*3i0‘l)£?jjja^. If it is accepted that nuclei 
have definite discontinuous energy levels, then the continuous distribu¬ 
tion of the ^-particle energies appears to contradict the laws of the 
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conservation of mass and energy, since the nuclei resulting from j6-decay 
of a given species are in the same energy state. To explain this anomaly 
Pauli suggested that the missing energy is carried away by the simul¬ 
taneous emission of a neutral particle of zero rest mass, the neutrino. 
By the laws of conservation of momentum, the angle of emission of 
the neutrino relative to the /3-particle and the nucleus determines the 
partition of energy between the three particles. Owing to the lack of 
charge, the neutrino has never been positively identified, but evidence 
for its existence is available from a study of the distribution of momen¬ 
tum of the recoiling nuclei after disintegration (43). 

Unlike the a-particle which has a range of a few centimetres in air 
and a few mg./cm.^ in matter, /3-particles may have a range of over 
1,600 mg./cm.^ in matter equivalent to several metres in air. In passing 
through matter, /3-particles lose their energy principally by causing 
ionization and excitation of the atoms or molecules of the material they 
are traversing. In air at N.T.P. about 25 primary ion pairs per cm. 
are produced by /3-particles with 1 MeV or more energ>', but below this 
energy the primary specific ionization rises and T\ith /3-particles of 00 
KeV energy, about 60 ion pairs per cm. are produced. The primary 
ions also have sufficient energy to cause further ionization and the total 
number of ion pairs produced is 3-4 times that primarily obtained. 

If the intensity of a source of /3-particles is measured by a suitable 
detector such as a Geiger-Muller counter or an electroscope, and sheets 
of metal (usually aluminium) of increasing thicknesses are placed in 
turn between the source and the detector, the recorded activity usually 
decreases continuously as the thickness of the absorber increases until 
it becomes practically independent of the absorber thickness. If the 
logarithm of the recorded activity is plotted against the thickness of 
absorber, an approximately straight line is often obtained over a con¬ 
siderable region (Fig. 2.9). In such cases the relation 

a = (2.35) 

is approximately obeyed, where a,, is the initial activity, a is the re¬ 
corded activity when a tluckness of d cm. of absorber is used, and 
p in cm.-i is the absorption coefficient. De\iations from linearity 
of the plot may occur for a number of reasons to be discussed later, 
but whatever the shape of the curve, a constant reading is obtained 
when all the ^-particles are absorbed by a sufficiently thick absorber. 
The minimum absorber thickness necessary to exclude all ^-particles 
from the measuring instrument is the maximum range. The range is 
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characteristic of the j8-particles emitted from the source with the maxi> 
mum energy and the absorption method of determining it is widely used 
in radiochemical investigations. Several very similar equations relating 



Fig. 2.9. Absorption curve of >”Ag. 

the range (in aluminium) and the maximum energy have been proposed 
(44, 45). The best known is perhaps that due to Feather, viz. 

M = (2.36) 

or = l-84i2+0*294, (2.37) 

where E^^^^ is the energy of the particles in MeV and R is the range 
expressed in g./cm.^ (obtained by multiplying the thickness of the 
absorber by its density). The range expressed in these units does not 
vary widely with the atomic number of the absorber. Thus the ranges 
of a 1 MeV jS-particle in aluminium {Z = 13) and gold {Z — 79) are 
400 and 500 mg./cm.^ respectively (45). 

The Feather equation was originally derived from data for ^-particles 
of maximum energy 0-6-2 MeV, but recently Glendenin has extended 
the range-energy relationship from 0-1 MeV to 3 MeV. In the region 
0-15 MeV to 0-8 MeV the relationship between range and energy is not 
linear. A smooth curve merging into the linear portion of the range- 
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energy plot (Fig. 2.10) has been constructed wliich fits the data well 
and is expressed by 

R = (0-15 MeV < < 0-8 MeV) (2.38) 

or = l*92i20’25 (Q.Q 3 2 < i? < o-3 g./cm.^). (2.39) 

In this region range data both for nuclear ^-particles (with a spread of 
energy values) and mono-kinetic electrons (produced by a suitable 
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Fig. 2.10. Relation between range in aluminium and maximum 
^-energy. -by equation (2.40); - - • by equation (2.36). 


accelerator) lie on the curve. Above 0-8 MeV a relationship similar to 
the Feather equation has been quoted: 

R = 0-542£;^a^-0-133 > 0-8 MeV) (2.40) 

or = l-85i2-f0-245 {R > 0-3 g./cm.^). (2.41) 

Because of the small mass of the /3-particles compared with the 
nucleus (which is largely responsible for /5-scattering) elastic scatter¬ 
ing may result in a large angle deflexion in a single collision. Some 
theoretical considerations of ^-scattering have been given (46), but the 
results apply to conditions whicli are not of gieat interest to the 

5197 Q 
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radiochemist, e.g. scattering by foils which are too thin for use in absorp¬ 
tion curves. For thick absorbers where multiple scattering is important, 
no satisfactory treatment is available. The effects of /3-scattering are 
very important, however, in practical measurement, particularly when 
an absolute determination of the number of /3-particles emitted from a 
source is required. If a source of /3-particles is mounted on a very thin 



Fio. 2.11. Back^scatter curves for ^-particles from **P. 

sheet of material (about 0*1 mg./cm.^ thick or less) so that scattering 
is negligible and the activity is measured successively with increasing 
mass of material on the side of the source remote from the detector, 
the recorded activity increases due to /S-particles emitted in a direction 
away from the detector being scattered back into it. The increase in 
recorded activity depends on the nature and mass of the material acting 
as the scatterer and to some extent on the solid angle subtended by the 
detector at the sample. As the former is increased from zero, the recorded 
activity rises until a constant value (saturation back-scatter) is obtained 
for thicknesses greater than 1—J of the total range of the jS-particles 
of maximum energy. This is found to be generally true, but the amount 
of saturation back-scatter obtained is dependent on the atomic number 
(Z) of the scatterer (see Fig. 2.11), and on the energy of the ^-emitter 
(47). The amount of saturation back-scatter from a given material 
rises with increasing until a constant value is obtained above about 
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0*6 MeV (see Fig. 2.12). Back-scatter of positrons is reported to be less 
than that of j5-particles (48). 



Fio. 2.12. Maximum percentage increase in observed activity 
due to back-scattering by various metals of /3-particlo8 of dif¬ 
ferent energy. 


C. jS^-particles (positrons) 

When the nuclear neutron to proton ratio becomes too low for stabi¬ 
lity, as for instance in some (n, 2n) reactions, stability is attained by 
conversion of a proton to a neutron, with emission of a positron; 

where v is the neutrino and ^ is equal to the sum of the maximum 
kinetic energy of the positron and the small recoil energy of the nucleus. 
The mass balance of this reaction may be \\Titten (49) in terms of exact 
nuclear masses (A') as 

+ + (2.42) 

where is the mass of the positron (equivalent to 0-51 MeV) and 
<j>lc^ is the mass equivalent to the kinetic energy term (c is the velocity 
of light). Alternatively the mass balance may be written in terms of 
exact atomic masses (A), viz. 

A^—ZmQ = (2—l)»io+mo+<^/c2 

or Az = Az^i-\-2mQ-\-<t>!cK (2.43) 

The difference between equations (2.42) and (2.43) expresses the fact 
that when a positron is emitted from the nucleus of an atom, the atom 
must also lose an orbital electron to preserve electrical neutrality. 
Since mass speetrographic data is usually expressed in terms of neutral 
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atoms, calculations of the energy relations of nuclear processes involving 
positron emission must include the term equal to 1*02 MeV. With 
data obtained from jS-ray spectroscopy, however, it is convenient to use 
either equations (2.42) or (2.43) in calculations with nuclear or atomic 
masses with the term or included respectively. 

In the case of j3-decay, the equations analogous to equations (2.42) and 

(2.43) are ^ ^z+i+m„+.^/c’“ (2.44) 

for nuclear masses, and 

Az—ZmQ = ^ 2 + 1 — (24-l)jno+mo+^/c2 

or Az = (2.46) 

for atomic masses. It will be seen that the parent atom must provide 
only for the mass of the daughter atom and the mass equivalent to 
the kinetic energy term, although the parent nucleus must still have 
energy equivalent to one electron mass unit in excess of the daughter 
nucleus (as in the case of positron emission). Hence positron emission 
can occur when the neutron to proton ratio is low and the difference 
in energy between the parent and daughter atoms is greater than 1‘02 
MeV. If the energy difference is less than 1-02 MeV, and j3--decay is 
precluded by the low neutron to proton ratio, then decay by ^-capture 
will occur. 

The energy of the positron may be determined by the aluminium 
absorption method similar to j3"-particles (50), but there is one essential 
difference. The positron is emitted with high velocity and loses energy 
in interaction with electrons. When the energy becomes so small that 
the positron does not escape an attracting electron, the two combine 
and annihilate each other. Their combined mass is transformed into 
energy, momentum being conserved by the emission of two photons 
in opposite directions, each of which has an energy of 0’51 MeV, equal 
to the energy equivalent of an electron given by the Einstein mass 
energy relationship {E = \mc^). Positron emission is therefore always 
accompanied by the emission of two photons per positron of the charac- 
teristi c annihilation radiation and whenever a 0 ■ 51 MeV y-ray is detected 
the possibility of positron emission should be considered. Positrons 
can be distinguished from )S“-particles by the direction of deflexion of 
the rays in a magnetic field. 

D. .ff-capture 

If an unstable nucleus with an excess of protons does not possess a 
decay energy sufficient for positron emission, stability is achieved by 
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the process known as iT-capture, the existence of which was predicted 
theoretically before being observed experimentally (51). In iC-capture 
the nuclear charge is decreased by one unit by the capture of an orbital 
electron. Since it is much more probable that an electron from the 
iC-shell will be captured rather than one from the L- or Jl/-shell 
(although the latter can occur), the name ‘ii^-capture’ is used to describe 
the process. The equation for iC-capture of an orbital electron (e-) 
may be written as „ , v . . j 

Z-X + C -*■ z-l^ 

where the total decay energy, is composed of the binding energy of 
the electron and the energy of the neutrino. In this case the neutrinos 
are mono-kinetic as they do not share the energy of transition with 
other particles. If the mass of the mother atom does not exceed 
that of its daughter by an amount equivalent to the binding energy 
of the A^-electron of the daughter (so that iC-capture cannot occur), 
then capture of an X-electron will occur, if this is energetically 

possible. 

The vacancy in the inner electron orbit produced by If-capture is 
filled by electrons from the outer orbits so that X-rays characteristic 
of the daughter element are emitted, the X-lines usually being the most 
intense. In addition there are secondary or ‘Auger’ electrons emitted 
as a result of the internal photo-electric effect of the X-rays on electrons 
of the emitting atom. X-rays emitted in X-capture may be identified 

by a critical absorption technique (see p. 108). 

In many cases where the decay energy of an atom is greater than 
1*02 MeV, the nucleus has comparable probability for both ^+-emission 
and X-capture. For nuclei of intermediate neutron-proton ratio, the 
probability of /3+- or /^--emission and X-capture are of the same order 
and at least two tyves of decay of the same nucleus occurs. The 
probabUity of X-capture relative to j3+-emission increases with the 
atomic number of the nucleus, 'ftith the half-life and with the magni¬ 
tude of the nuclear spin change associated with the transition. Many 
isotopes decaying by X-capture are formed by slow neutron capture 
(e.g. in a pUe) from the lightest stable isotope of elements of even 

atomic number. 

An interesting consequence of X-capture occurs in ’Be winch decays 
vrith a half-Ufe of 52-9 days. Since A for isotopes decaying by X-capture 
depends on the orbital electron density at the nucleus, alteration of the 
density should alter the half-life. Such differences were sufficiently 
great to be observable when the half-life of ’Be as elementary beryllium 
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was compared (52) with “^BeFa, and a value of 


= 0-02±0-003 was obtained. 

^Bo 

Assuming a half-life of 62*9 days for ’Be as metal, the half-life for 
’Be combined as the fluoride is 62‘4 days. 


E. y-rays 

y-rays are nuclear electromagnetic radiations of short wavelength 
which, by virtue of their lack of charge, are undeflected by electric and 
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Fig. 2.13. Disintegration schemes of (a) **Na {/j = 2*6 yrs.), 
(6) «®Co (4 = 5-3 yrs.), (c) ‘‘••Rh {«j = 30 sec.). 


magnetic fields. They have great penetrating power and those of higher 
energy (i.e. those of shorter wavelength) are reduced to half their 
original intensity only after passing through a thickness of lead of about 
1 cm. or more. They produce much less ionization in air than /5- 
particles (of the order of 1-5 ion pairs per cm. of path). Many of the 
natural and artificial radioactive bodies emit y-rays, the energy of 
which may be from several KeV up to about 3 MeV. /?“- or jS+-emission 
of the parent nucleus often leaves the daughter product in an excited 
state, the excitation energy being lost by emission of a y-ray (Fig. 
2.13 a). Alternatively decay to the ground state may take place by 
emission of y-rays in several steps (in cascade) until all the excitation 
energy is lost (see Fig. 2.136). In addition, not all the daughter nuclei 
produced by a given decay lose energy by the same number of steps, 
some may emit one y-ray to give the ground state while the others 
emit two or three rays vath the same total energy loss (Fig. 2.13c). 
Other, more complicated decay schemes are known (53). y-ray emission 
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from a daughter nucleus is usually practically instantaneous (see p. 91) 
and occurs with the half-life of the parent transition. 

The initial intensity (Oq) of a collimated beam of mono-kinetic y-rays 
which is reduced in a homogeneous medium to an intensity a after 
passing through a thickness d of material is given by the equation 

a = (2.46) 

where fx is the linear absorption coefficient (in cm.“'). In spite of the 
formal similarity between the absorption of ^-particles and y-rays, the 
mechanism of absorption is entirely different. Thus six distinct ways 
are known in which y-photons may be absorbed of which the first three 
modes are relatively unimportant and usually may be neglected in 
comparison with the last three. 

(a) Photodisintegration. If the energy of a photon is high enough, it 

may cause sufficient excitation on absorption by a nucleus to enable 
a neutron to be emitted. The energy of the photon must be greater 
than the binding energy of the neutron vnthin the nucleus, i.e. about 
6-8 MeV. In two cases, however, lower energies are sufficient. Thus, 
energies of only 2-24 and 1-63 MeV are required to initiate the (y, n) 

and the »Be (y, n) 2*He reactions respectively. Excitation of the heaviest 
elements by high energy y-rays may cause nuclear fission. 

(b) Formation of isomeric nuclear levels. The nucleus may be excited 
to a state which is sufficiently long-lived to be readily observed. The 
energy^ of the excited state is subsequently lost by y-ray emission. An 
example is the excitation of ^^^n and ^'Mn by X- or y-rays to excited 
states which have half-Uves of 4-5 hrs. and 104 min. respectively. 

(c) Bragg or coherent scattering. This effect is important only with 
low energy y-rays and is the same as X-ray reflection from a crystal 
lattice. The Bragg reflection angle of sodium chloride (3) for 0-5 MeV 
y-rays is about 0° 15'. Since the angles and intensities of scattermg 
are much smaller for particles of higher energy, coherent scattering of 

nuclear y-rays is in general small. , , • a 

(d) Photo-electric effect. In considering the photo-electric effect, the 

photon can be regarded as interacting with the entire atom ''ith the 
result that an orbital electron is ejected with an energy equal to that 
of the photon less the binding energy of the electron, the majority of 
the momentum being carried away by the recoiling atom. Interaction 

is most probable ^dth those electrons, the binding of 

closest to the energy^ of the y-rays (i.e. usually in the A-shell). Mhen 
mono-kinetic y-photons react they produce characteristic Ime spectra 
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caused by ejection of electrons from the K, L, and other shells. When 
these are filled by electrons from outer orbitals, the atom emits its 
characteristic X-rays and Auger electrons. 

No entirely satisfactory theoretical interpretation of the photo¬ 
electric effect has as yet been given, but the atomic cross-section for 
the photo-electric effect (Oj,) may be estimated by the approximate 



rner^y (MeV.) 

Fio. 2.14. Coefficients of y-ray absorption in lead, /i, total; Compton 
effect; /xp, photo-electric ; electron pair production. 


where X is the wavelength of the y-ray in angstroms and Z is the 
atomic number of the absorbing element; X is related to the energy 


(in MeV) by the equation 


X = 


1238 


X 10-5. 


Numerically is largest with heavy elements. Below an energy of 
0-5 MeV, very small values of for elements of low atomic number 
such as aluminium are obtained on account of the fourth-power depen¬ 
dence of vSp on Z. The linear coefficient (= a^x number of atoms 
per cm.5) for lead is shown in Fig. 2.14. To estimate ftp for other 
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materials of density p, atomic weight A, and atomic number Z, the 
figures for lead can be inserted in the equation 


Mp = (Mp)pb 



The photo-electric effect is responsible for the high absorption of 
photons of energy of about 0*5 MeV or less in elements of high atomic 
weight and accounts, for instance, for the strong absorption of X-rays 
by lead and gold. In elements of low atomic number the photo-electric 
effect is not marked. 

(e) The Compton effect. The Compton effect (54) can be regarded as 
an elastic collision between a y-photon and a single free electron. 
Momentum and energy are conserved and the incident photon gives 
up part of its energy to the electron which recoils at an angle to the 
direction of the original photon (also deflected). The degraded radia¬ 
tion undergoes further similar interactions and generally ends in a 
photo-electric encounter. The energy of the recoil electrons is con¬ 
tinuous to a maximum (obtained with head-on collision), the energy 
of a given recoil electron depending on the angle between its direction 
and that of the original photon. 

The Compton effect is particularly effective in reducing the intensity 
of a beam of incident photons on materials composed of lighter elements. 
For example, it is the main contributing factor to the total absorption 
coefficient of y-rays in light and medium atomic weight absorbers such 
as aluminium and copper for energies up to about 3 MeV. The proba¬ 
bility of this type of interaction falls with increasing photon energj' 
(very approximately as 1/^). 

The linear absorption coefficient for the Compton effect (^J may be 
obtained from the values for aluminium by use of the equation 



The values of can be interpolated from Fig. 2.26, since the 

Compton effect predominates in aluminium for energies up to moie 

than 3 MeV. 

(f) Pair production. This occurs as a result of interaction between 
the incoming quantum and the Coulomb field surrounding the nucleus. 
An electron is removed from a negative energy state unth sufficient 
kinetic energy to escape the attractive nuclear field. The hole in the 
energy continuum is identified as a positron, and energy, momentum, 
and charge are conserved by the electron pair (c+, c-) and the nucleus 
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in the encounter. The energy of the quantum appears both as the 
kinetic energy of the three bodies, and as the mass energy of the two 
electrons, 2mQc'^. Hence this reaction cannot occur unless the quantum 
has an energy at least equivalent to 2mQC'^ (i.e. 1*02 MeV). 

Since the cross-section for pair production is proportional to this 
mode of interaction is also important in heavy elements. The cross- 
section rises with increasing energy. It is a very important mode of 
interaction for high y-energies and at about 5 MeV in lead predominates 
over Compton recoil. 

The linear absorption coefficient, /x, in equation (2.46) is the sum of 
the absorption coefficients of the photo-electric, Compton, and pair- 
production effects. In lead, the element most commonly used to 
determine the absorption coefficients of y-rays, /x has high values at 
low energies (because of the importance of the photo-electric effect) 
and at high energies (due to the predominance of pair production), and 
passes through a minimum value at y-energies of about 3 MeV (see 
Figs. 2.14 and 2.26). Nuclear y-energies are usually less than this. 

A convenient form of the absorption equation may be obtained by 
expressing the mass absorption coefficient /x/p in cm.^/g.; 

a = 

where p is the density of the absorber and d is the thicluiess expressed 
in g./cm.2 This expression is useful for the heavier elements with y- 
energies in the range 0-5-1 *5 MeV and for a wider range of energies 
with elements of lower atomic number (when the Compton effect pre¬ 
dominates). VTien the expression is applicable, the mass absorption 
coefficient is practically independent of the atomic number of the 
absorber, as showm in Table 2,3. 


TABIiE 2.3 

Absorption coefficient of y-rays from RaC 


Absorber 


^/p 

Hg . 

0-621 

0-045 

Pb . 

0-533 

0-047 

Cu . 

0-395 

0-044 

Fe . 

0-356 

0-045 

Sn . 

0-299 

0-041 

Zn . 

0-322 

0-045 

A1 . 

0-126 

0-047 

S . . . 

0-091 

0-046 

H,0 (I) . 

0-055 

0-055 


In any absorber both the primary y-rays and the secondary electrons 
will be present. Since the secondary electrons are much more readily 
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absorbed than the primary y-rays, the number of secondary electrons 
absorbed per unit time at equilibrium will equal the number generated. 
The observed intensity of secondary radiation therefore decreases ex¬ 
ponentially with the same absorption coefficient as the primary y-rays. 
When a y-ray enters a second medium more dense than the first, the 
intensity of the secondary radiation must increase until equilibrium is 
again established. Thus there is a region of rapid increase in the electron 
emission which reaches a maximum at a thickness of absorber about 
equal to the maximum range of the recoil electrons. Care is necessary 
in determining y-ray absorption characteristics in conventional as¬ 
semblies that distorted absorption curves are not obtained from this 

cause (see p. 106). 


F. Internal conversion and isomeric transition 

The y-rays emitted in radioactive decay interact in many cases with 
orbital electrons surrounding the nucleus which are ejected ^vith an 
energy equal to that of the photon less the binding energy of the elec¬ 
tron (i.e. an internal photo-electric effect is obtained). Interaction is 
most probable with the X-shell but the L and ilf electrons may also 
take part although with decreasing probability. If the y-energy is in¬ 
sufficient to eject the A'-electron, interaction is confined to the other 
shells. Since the photons from a given radio-isotope are in mono- 
energetic groups, for any particular y-energj^ all electrons with the same 
binding energy are liberated with the same kinetic energy. In ^-ray 
spectroscopy they are referred to as a conversion ‘line of electrons’. 
The degree of interaction between photon and electron is primarily 
dependent on the energy, decreasing ^vith increasing photon enei^ 
although other properties of the radiation also have some effect. The 
number of conversion electrons obtained with photon energies of about 
400 KeV or greater is small (usually a few per cent, or less), but with 
lower energies particularly when close to the electron binding energies. 
100 per cent, conversion may be obtained. The characteristic X-rays 
of the nucleus produced are also emitted when the empty orbital 
positions caused by internal conversion are filled by outer electrons 
Electrons produced by internal conversion of y-rays are frequen y 
observed in the radiations emitted from nuclear isomers These are 
metastable states of nuclei with measurable half-lives 
emit their excess nuclear energy above the ground state as V 
the y-energv is often of the order of 50-200 KeV, the degree of interna 
conversion is frequently high and the loss of energy may be almost 
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entirely manifest as conversion electrons. The groimd state of the 
isomer may itself be radioactive, emitting nuclear particles with a half- 
life different from that of the metastable state. Usually the excited 
state has a longer half-life than that of the daughter ground state, 
so that when radioactive equilibrium is established, the rate of decay 
is dependent on the half-life of the excited state. There are many 
examples of this phenomenon, such as 


127T- * h = 9*3 hrs. 

i27Te*-> i27Xe-*-^^ i 2 ?i (stable). 

c" j8 ' ^ 

In other cases the groimd state is longer-lived than the metastable 
state, or may be stable, e.g. 


^ ^4 = 4*5 hrs. 
iisjn* -!-j. 

y> c- 


In a few cases the probability of emission of a ^-particle from the 
excited state is much greater than that of y-ray emission to the ground 
state, and both isomers decay by independent ^-particle emission with 
their own half-lives to the same daughter product; for example 


115PA tv = 69 hrs. 

llSTn 

(ground state) ^ 


(excited state) 


= 44 days 
---> ii®In. 

PyY 


Some interesting chemical consequences have been obtained as a result 
of internal conversion (see p. 218). 


G. Bremsstrahlung 

Just as in an X-ray tube, where the electrons striking the target give 
rise to the characteristic X-rays of the target element superimposed 
on a continuous frequency band, so nuclear j8-particles striking either 
their own carrier material or some external absorber produce both 
X-rays characteristic of the target atoms and a continuous band of 
more penetrating radiation (55). It is possible to mistake such secondary 
radiation for nuclear y-rays, but fortunately the intensity of the brems¬ 
strahlung is usually low. If on absorption of )3-particles in aluminium 
a hard component of intensity of about 0*1 per cent, or less of the 
intensity of that of the ^-emitting source is found, it is usually con¬ 
sidered to be due to bremsstrahlung, though the possibility of a low 
intensity nuclear y-ray cannot be entirely excluded. The intensity of 
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the brenisstrahlung varies with the square of the atomic number of the 
absorber. In the determination of y-energies by absorption in, say, lead, 
)3-rays sliould therefore first be removed by an absorber of low atomic 
weight, such as grapliite or aluminium, so that the intensity of the 
brenisstrahlung will be reduced to a minimum. The energy distribution 
of the more penetrating continuous X-ray spectrum obtained is jirac- 
tically independent of the atomic number of the absorber. 


log^ (a. puitde energy in MeY) (Cmes CjnjO) 



Ay (a pjru/e f'Vfvy In hU'i). ( Ti A jrj B) 

Fia 2 15. The Geiger-Nuttall plot. A (4n + 2) series, B {4/1 + 3), 

C (4n), D (4n+l). 


H. The relationship between the half-lives of radio-isotopes and 

the energy of the emitted radiation 

An examination of the energies of the particles emitted in radioactive 
decay and the half-lives of the radioactive material shows that it is 
approximately true that, as the half-life decreases, the energy of the 
radiation increases. The first attempt at mathematical formulation of 
this relationship was made for c-emitters in 1911 by Geiger and Nuttall 
(56), who found that the logarithm of the energy of an a-particle (or 
a related quantity such as the range in air) was a linear function of the 
logarithm of the half-life. The three naturally radioactive series, the 
thorium (4n), uranium (4«-t-2), and the actino-uranium ( 4 n-(-3) series, 
gave paraUel linear plots, and the artificiaUy produced (4«+l) senes 
starting with neptunium =»’Np has since been shoun to do likewise (see 
Fig. 2.15). An explanation of this behaviour for a-emitters uas given 
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independently by Gamow (57) and by Condon and Gurney (58) on a 
quantum mechanical model. Many more a-active isotopes have recently 
been identified in the region of atomic number (Z) from 83 to 96, and 
sufficient data are now available to plot the logarithm of half-life against 
the logarithm of the disintegration energy for isotopes of the same 



Fio. 2.16. The Sargent relationship for allowed (A) and 6rst forbidden (B) transitions 

of some naturally occurring /^-emitters. 

element (59). In these cases the variations are sufficiently regular for 
a reasonable estimation of either an unknown half-life or an unknown 
energy to be made. 

A similar approximate relationship (the Sargent rule (60)) holds for 
naturally occurring /3-emitters for which the equation ^ is 

approximately true, where the constant k has one of two possible values 
(see Fig. 2.16). However, the experimentally determined values of 
half-life and energy for a wide variety of artificial /3- and emitters 
do not in general fit the Sargent curves very well. The theory of /3- 
emission given by Fermi (61) in 1934 assumes that a neutrino and a 
^--particle are emitted in the transition of a neutron to a proton within 
the nucleus (or vice versa for /3+-emission). This would account for the 
spread of energies of the /S--particles emitted by a given source. On 
the Fermi theory an expression for the disintegration constant (A) can 
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be derived, which includes a term approximately equal to 
for i^max ^ MeV, corresponding to the Sargent relationship. For 
^max MeV, however, this term is 0*216[F„jjj^— 1]^. In both cases 

the half-life decreases rapidly as increases. 

The value of A is also strongly dependent on the change of total 
nuclear angular momentum involved in the transition of a nucleus of 
charge Z to one of charge Z+1. The total angular momentum (some¬ 
times called ‘spin’) of a nucleus is the vector sum of the orbital angular 
momenta and the spin angular momenta of the individual nuclear 
particles. It is quantized, and is usually represented by J. In general, 
nuclei of odd atomic weight have total angular momenta of half- 
integral units of J, whilst isotopes of even atomic weight have spins 
which are either zero or small integral multiples of J. In any nuclear 
transition, angular momentum is always conserved and the vector 
difference between the initial and final values of J must be accounted for 
by a particle or quantum absorbed or emitted in the transition. Transi¬ 
tions are referred to as ‘aliowed ’, ‘first forbidden ’, ‘second forbidden ’, etc., 
depending on the change in angular momentum. Selection rules govern¬ 
ing these transitions have been suggested by Fermi (61) and by Gamow 
and Teller (62). Those isotopes falling on the curve A in the Sargent plot 
are ‘allowed’ transitions, whilst those on the other curves are ‘ forbidden ’. 

An example of the practical application of the Sargent rule is the 
case of the natural ^-emitter If there were no change in spin for 

the disintegration of to ^^Ca, the isotope would be on the first 
Sargent curve {A ) and would have a half-life of the order of a few days. 
In fact the spin of «K is 4, whilst that of ^«Ca is zero, so that the transi¬ 
tion is highly forbidden and has a predicted half-life of the order of 
10® years as confirmed by experimental observation. 


4. The Practical Determination of 
THE Energy of Radiations 
For the accurate determination of the energies of ^-particles, posi- 
trons, elections, y-. and X-rays, special techniques and apparatus are 
necessary, but there are several simple although less accurate methods 
nonnally employed in radiocheinistry which utUize the more usual type 
of detector (e.g. a Geiger-Muller counter). In general, the absorption 

method (see p. 79) is most convenient. 


A. jS-particles and positrons 

The most accurate determinations of the energies of ^-particles and 
positrons are obtained by use of a jS-ray spectrometer. The particles 
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are subjected to electrostatic or magnetic fields in vacuo and are de¬ 
flected in a direction depending on the sign of their charge and to an 
amount depending on the strength of the magnetic or electric field and 
the energy of the particles (63). The scintillation jS-spectrometer (63) 
which has recently been developed also shows promise. It has the 
advantage that the source need not be mounted in a vacuum. Another 
method depends on photographing the tracks of the particles (made 
visible in a Wilson cloud chamber) under the influence of a known 
magnetic field. This method is not often used in modern practice since 
it is somewhat tedious, but it may be the only method possible with 
very shortlived emitters. 

From the point of view of the radiochemist by far the simplest and 
most useful method of estimating the energies of jS-particles and posi¬ 
trons (provided the limitations of the method are recognized) is to 
determine the extent of penetration of the particles into matter. 
This can be carried out very simply in the laboratory with a minimum 
of apparatus. The detector (which is usually an end-windowed Geiger 
counter but may be an electroscope) is supported above the source in 
a stand which is usually made of aluminium or plastic material (see 
Fig. 3.33) and is provided with slots to hold the ‘absorbers’ in between 
the source and the counter. The absorber is usually placed close to the 
window of the detector and (if a Geiger counter is used) the whole 
assembly may be surrounded with lead, preferably about 1-2 in. thick 
to reduce the effect of penetrating cosmic rays and other stray radia¬ 
tion from the surrounds. The lead housing or ‘castle’ is often lined 
with aluminium or plastic sheet to reduce ^-scattering. Absorbers are 
usually made of aluminium which can be readily obtained in thick¬ 
nesses ranging from very thin foil (^0 005 mm. thick) to heavy sheet 
(0*5 cm. or more). The observed activity after passage of the particles 
through various thicknesses of absorber is noted. The shape of the 
absorption curve (log a plotted against d) will in general be similar to 
that shown in Fig. 2.9. The more or less exponential absorption of the 
radiation from simple )S-emitters is a fortuitous result of the continuous 
^-spectrum and scattering effects. A strictly linear semi-logarithmic 
plot is often not obtained (45), however, and deviations in the shape 
of the curve can be caused by a number of factors. Variations in the 
energy distribution of the j8-spectrum from one radio-isotope to another 
to some extent affect the shape of absorption curve, for instance. The 
greater the maximum energy of the ^-radiation, the more the mean of 
the energy spectrum is shifted to the higher energies (64) and the more 
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concave the logarithmic absorption plot will be with respect to the 
origin. On the other hand, the absorption curve becomes more nearly 
exponential as the atomic number of the emitter and degree of for¬ 
biddenness of the transition increase, because of the shift of the mean of 
the energy spectrum to lower values. 

Variations in the shape of the curve are also obtained with changes 



Ihjckness of absoritr (mg.Jm} 3!ijm>ufn) 

Fio. 2.17. Effect of back-scattering on the shape of absorption curves 
of {Eu^ = 3-55 MeV). A, effectively weightless plastic 

support; B, support made of 0-010 in. platinum. 


in the position of the source and absorbers relative to the Geiger counter 
and are mainly due to scattering. The absorption curve is, in general, 
more concave to the coordinates, the further the absorbers and source 
are placed from the counter. Another scattering effect is often observed 
when the absorber and sample are placed very close together, and a 
smaU maximum in the primary jS-particle absorption curve is obtained 
at small thicknesses of absorber (65). This effect should be d^tin- 
guished from maxima caused by y-rays, described later. Since bac 
scattering results in loss of energy of the ^-particles, an absorption 
curve of a source with a significant number of back-scattered electrons 
will show a larger number of less energetic particles than one obtained 
under conditions of minimum back-scatter. Back-scatter will tend to 
make absorption curves which are concave to the origin more nearly 
exponential, although this distortion is usuaUy not large (see Fig. . ). 


6107 
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A more pronounced effect is found for samples which are appreciably 
thick compared u ith the range of the /3-particles, for the same reason. 

The range of the ^-particles may be determined from the intercept on 
the background of the absorption curve, a correction being applied for 
absorption losses in the counter window and the air space between the 
sample and the counter. The range of several /3-emitters (with little 
or no y-component) determined in this way has been compared with 
as determined by ^-ray spectrometry, and used to compute the 
range-energy relationship given above (see p. 80). 

When y-radiation is also present, the j8-particle range estimated 
visually is usually found to be somewhat less than expected since the 
tail of the ^-absorption curve is lost in the y-background. In such 
cases a more accurate estimate of the range can be obtained using the 
‘Feather analytical method’ (44, 45). This is essentially a comparison 
of the range of ^-emitters of unknown energy with that of a pure /3- 
emitter of known radiation characteristics for wliich the only penetrating 
radiation is bremsstrahlung. For the standard substance Feather chose 
RaE (2ioBi) which has no y-activity and a jS-range of 476dz2 mg./cm.2 
determined by the visual method. To estimate the range of an unkno\vn 
^-radiation, the RaE absorption data are carefully determined and 
plotted in the usual way. The observed activities are corrected for 
coincidence losses (see pp. 144, 290), the natural background count is 
subtracted, and corrections are applied for absorption losses by extra¬ 
polating the semi-logarithmic absorption plot to a negative thickness, 
equal to the sum of the thicknesses (expressed in mg./cm.®) of the air 
space, counter window, etc. For convenience the curve may now be 
replotted with the final extrapolated thickness as zero. The abscissa is 
then divided into equal fractions of the total range (e.g. in the case of 
RaE, intervals of 47-() mg./cm.^ equal to J^th of the range) and the 
activity corresponding to each fraction of the range is marked on the 
ordinate as shown in Fig. 2.18. As a practical convenience (suggested 
by Glendenin (45)), the intervals along the ordinate corresponding to 
each fraction of the range (which would be equal if the absorption 
curve "were linear) are marked off on a piece of cardboard or paper as 
indicated. The absorption curve of the unkno^vn is now determined 
under identical experimental conditions and plotted with the same 
ordinate scale after subtraction of natural and y-backgrounds and 
coirection for window thickne.ss, etc. The Feather analyser (the card¬ 
board strip) is now placed along the ordinate of this graph so that the 
oiigins coincide and the values of the absorber thickness (abscissae) 
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Fio. 2.18. Construction of the Feather analyser, 
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corresponding to the various fractions of the range are read off (see 
Fig, 2.19). These values of absorber thickness, when divided by the 
corresponding range fractions, give the apparent ranges which are then 
plotted against the corresponding fractions of the range (see Fig. 2.20) 
to give a curve which can be extrapolated to the real range (i.e. a 



Fio. 2.20. Extrapolation of fractional range for '®‘I. Extra¬ 
polated range 196 mg./cm.* equivalent to = 0-68 MeV. 
Value from /J-spectrometer 0*595 MeV. 


fractional range of unity). The result is nearly independent of the 
presence of y-radiation, and experimental errors caused by scattering, 
etc., largely cancel out in the comparison of the two absorption curves! 
The method is of particular value in the resolution of the components 
of complex spectra. The Feather analyser is appUed to each component 
plotted separately, the absorption curve of the less energetic com¬ 
ponents being obtained by subtraction in turn of the contributions of 
the more penetrating radiations (see Fig. 2.21). The values obtained for 
the ranges of the less energetic components may be somewhat less 
accurate than that of the more penetrating )3-radiation, but this is 
probably due to the errors of extrapolation and subtraction of the curve 
than to use of the Feather method; even so, the results are more accurate 
than obtained by visual assessment of the range. 

The Feather plot is not usually linear, and this may be due to the 
shape of the spectrum of the RaE ^-radiation for which the mean energy 
IS a lower fraction of the maximum than for the majority of/8-emitters. 
As an alternative to RaE, UXa has been suggested (with a range of 
1,105 mg./cm.2 in aluminium). Recent work suggests that 476 mg./cm.^ 
IS too low for the range of ^-particles from RaE, and a value of 510±10 
mg./cm.2 (in closer agreement with equations (2.38) and (2.39)) is to be 
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preferred. This is an added reason for using another source as standard, 
although results obtained using RaE vn\\ not be greatly in error from 
this cause. In practice it may be advisable for several standards of 
wdely differing energy to be available, as has been suggested in the 
somewhat more comi)licated method of Bleuler and Zunti (66), who 



Fio. 2.21. Absorption curve of a mixture of ***Co and ‘**Pr. 

ABFHI, original absorption curve; ABFO, obtauied by sub¬ 
traction of J1 from ABFHI; CB, obtained by extrapolation 
of FB; CBFQ, absorpt ion curve of ***Pr; DE, absorption curve 
Qf obtained by subtraction of CBFQ from ABFO. 

used several standard absorption curves (=**?, UX 2 , and ^^C\) to allow 
for the changes of shape of the jS-spectra Ntdth the atomic weight of the 
emitter and the maximum energy of the radiation (see p. 97). 

If the maximum ^-energies of the components of an absorption curve 
differ by more than a factor of two, the absorption curve may be 
readily resolved into its components and the maximum energies deter¬ 
mined with reasonable accuracy. About 1-2 per cent, of the more 
energetic ^-component may be determined, although the ^^^thod is 
somewhat less sensitive when detecting a softer component. If the 
maximum )3-energies of the components differ by less than a factor 
of two, resolution may be difficult if not impossible even though it 
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may be apparent that the spectrum is complex. Collimation does not 
greatly increase the resolution. 

Care should be taken in interpreting results if the radio-isotope also 
emits y-rays of energy greater than the maximum )S-energy, as an 
apparent very energetic ^-component may be detected in some cases, 
e.g. when the sample and absorber are placed close together. This is 
due to the generation by the y-rays of secondary electrons within the 



Fig. 2.22. Absorption curve of ®®Co (E^^, 0-3 MeV, 
y-energy 1*1 and 1*3 MeV) showing effect of Compton 
electrons when sample and absorber are placed very 

close together. 

absorber with an energy greater than that of nuclear ^-particles (67). 
Under conditions where the secondary electrons are of sufficient 
intensity to be detected, a maximum may be visible in the absorption 
curve at thicknesses greater than the range of the nuclear j8-particles 
(see Fig. 2.22). The effect may be reduced by increasing the distance 
between sample and absorber. Another cause of spurious effects is the 
generation in the sample mounting of secondary electrons which are back- 
scattered into the counter. An apparent /S-particIe of 1 MeV maximum 
energy has been observed with an intensity of about 3 per cent, of the less 
energetic ^-particles in the case of s^Fe 0-255 and 0*46 MeV, and 
y-energies 1-1 and 1-3 MeV) when the sample was mounted on platinum 
(68). No apparent energetic ^-component was observed, however, 
when the sample was mounted on trays of low atomic number (e.g. 
aluminium). 
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In the case of radio-isotopes for which the semi-logarithmic jS-absorp- 
tion curve is linear, may be estimated from the half-thickness (rfj) 
(i,e. the mass/cm,® of aluminium required to reduce the activity to half 
its original value), and this method may be the only one possible if 
the activity is low. E^^^^ is obtained (3) from the interpolated values 
of dj (in g./cm.2) by the relation 


dj = 0-032£,Ul 

with an accuracy of MeV. In general, dj is of the maximum 

range (69). For emitters with E^^ in the range 1-7-G MeV the relation- 

sliip (l2-30dj + 0-63) 

has been given by Huber et al. (70) for sources of thickness comparable 
to the range of the j3-particles, under which conditions linear absorption 
curves arc often obtained. In view of the variation in shape of the 
absorption curve with changes of experimental conditions, no general 
relations of this kind can be very reliable. However, if the same 
experimental arrangement is always used and conditions are maintained 
constant, a more accurate relationship between and d^ may be 

obtained for any particular assembly. In case of non-hnear absorption 
plots, the half-thickness used in these equations should preferably be 
Ltermined over the initial part of the absorption curve. 

Another technique (70) which is potentially useful for samples of 
low activity in cases where the spectrum is simple, is less than 
0*6 MeV and the sample is effectively weightless, is the ‘back-scatter 
method.’ The sample is mounted on a very thin sheet of materia 
« 1-0 mg./cm.^ thickness) from which back-scattering is negligible and 
the activity is determined both ^Wth and without a sheet of, say, platinum 
or lead immediately behind the sample. From the increase m counting 
rate with the back-scatterer in position, E„,,^ of the ^-emitter may )e 
determined by comparison ulth similar results obtained using ^-enutters 
of knowm £?„,ax under identical conditions. The method is very sensitive 
to changes in E^^^ in the region 0-1-0-5 MeV. but if maximum back- 
scatter is obtained, the percentage increase in activity is independent 

of enerev above 0’6 MeV. 

Positron emitters give absorption curves of the same shape as those 

of 8-particle emitters and have the same range for the same 
enerw (50). The curves tend to be somewhat more concave to the 
coorSnates (45) and there is always present the O ol lSfe\ annihilation 
radiation (of about 1 per cent, of the ^-intensity recorded with .ero 

absorber thickness). 
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B. Conversion electrons 

The energy of conversion electrons may also be determined from an 
aluminium absorption curve, but since they are mono-kinetic for a given 
emitter, the shape of the experimentally determined semi-logarithmic 
absorption plot is usually considerably concave to the origin (see Fig. 
2.23), With energies greater than 0*2 MeV an approximately linear 


Thickness of absorber (Curre C) (mg.jcm^ absorber) 



Fio. 2.23. Absorption curve of conversion electrons. A, ; B, curve {A) 

with y-background subtracted; C, ••Tc*. 

plot of activity against absorber thickness is obtained and deviation 
from linearity even at the maximum range is small (see Fig. 2.24). 
The linear portion may be extrapolated to cut the abscissa at the 
effective range, but with energies below 0*2 MeV the absorption curve 
tends to become increasingly convex to the axis. The effective range 
is difficult to determine in such cases (5), although the semi-logarithmic 
absorption plot is often still approximately linear over a considerable 
range of thicknesses. 

Up to 0*5 MeV, the energy-range relationship of conversion electrons 
is identical with that of nuclear /3-particles, but at greater energies there 
is a small difference between the two and the relationship 

R = 0-526^—0-094 (2.47) 

has been suggested (71) instead of equation (2.36). It is not surprising 




THE ENERGY OF RADIATIONS 


105 


that the apparent range of nuclear /3-particles should be slightly less 
than that of mono-kinetic electrons because of the shape of the /3-spec¬ 
trum and the difficulty of detection of the small number of /3-particles 
of energy near or equal to ^niai* When conversion electrons occur simul¬ 
taneously with nuclear /3-particles, resolution of the absorption curve 



Fio. 2.24. Linear absorption curve for conversion electrons. 

A, extrapolated range = 225 mg./cm.* equivalent to 

0-62 MeV energy ; ^-spectrometer value 0-63 MeV , B, Ic . 

into its components may be very difficult \vithout prior knowledge of 
the presence of conversion electrons. 


C. y-rays 

v-ray energies may be determined by use of the ^-ray spectrometer 
from the maximum energy either of the Compton recoU electrons ejected 
by the y-rays from a radiator of low atomic number placed around the 
source, or of the photo-electrons emitted from a radiator of high atomic 
number (e.g. gold, lead, or uranium). If several y-photons 
energy are emitted together, they may be distinguished by relating the 
diffe^nce in energy of the conversion electrons obt^ned to the knmvn 
energy levels of the K- and i-shells of the emitter. These methods give 
an accurate determination of the photon energy. A simpler although 
less accurate method is available to the radiochemist using the absorp- 
tion technique as described for ^-emitters. 
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radiations and radioactive decay 

Although the secondary electrons and degenerate radiation present 
with the y-rays in matter may, under some conditions, cause some 
deviation from exponential absorption, this is not normaUy serion. 
Lead is usually used as the absorber, particularly for y-rays of hiffb 
energy, but aluminium and copper are also used. IdeaUy the v-rav« 
should be coUimated and the sample should be as far from the deteotnr 
as IS practicable ( 1 ). The absorber should be placed midway between 
sample and detector with as little scattering material as possible near 
the detector. To prevent secondary electrons entering the detector an 
a uminium screen sufficient to absorb the most energetic particle’s is 
placed close to the window. Although these conditions are often not 
obtained in the standard Geiger counter assembly (Fig. 3.33), satisfactorv 
absorption curves may usually be determined with its use. WUkinson 
(72) suggests that better results are obtained when the lead screeninv 
IS omitted. To reduce the formation of secondary electrons, the stand 
and supports should in general be constructed of material of low atomic 
weight, but even in this case large differences in counting rate mav be 
obtained merely by altering the positions of absorbers (particularly 
the alumimum screen) relative to the detector. In the determination 
of the energy of a y-ray in the presence of ;8-particles, the latter should 
first be absorbed completely in an absorber of low atomic weight (e g 
alumimum or graphite) to reduce as far as possible the intensity of 
bremsstrahlung, which might be mistaken for y-rays from the radio¬ 
active saniple. Under such conditions the y-absorption curve may be 
determmed over a range of three or four half-thicknesses of absorber 
but beyond this the presence of a spurious hard component (the in¬ 
tensity of which is dependent on the conditions) may be noticed (45) 

It IS thus necessary to calibrate the equipment with y-emitters of known 
energy. 


Since y-ra,y absorption is exponential, the plot of the logarithm of 
t e observed activity of a simple y-emitter against the absorber thick¬ 
ness (m g./cm.=) is linear (Fig. 2.25) and the half-thickness (d.) may 
be obtained by mterpolation. The value of d^ is characteristic of the 
enerp of the y-photons and the absorbing material and a graph relating 
the two for lead and aluminium absorbers is shoivn in Fig 2 26 If 
two y-rays of sufficiently different energies are present a curve is 
obtained whi^ may be resolved into two components in the usual 
manner. With y-energies in the region of 100-200 KeV, resolution into 
components is usually possible even when the energies are not widely 
different, smce the absorption coefficient is critically dependent on the 
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y-energy. With increasing y-energy resolution becomes more difficult 
as the gi*aclient of the plot of absorption coefficient against y-energy 
(Fig. 2.14) decreases. Thus the absorption curve of ®®Co (1*1 and 1*3 
MeV y-rays) appears as a single component of 1*2 MeV. 

The energy of y-rays may also be approximately determined from 
the absorption curve given by the Compton electrons generated in a 
suitable radiator such as aluminium. The sample is covered with or 
enclosed in a radiator of low atomic weight and the energy of the 
Compton electrons determined from their range in aluminium absorbers 
placed close to the detector (67). The energy of Compton electrons 
(and hence the y-ray energy) may also be determined by use of a co¬ 
incidence circuit (see Chap. IV). The source, enclosed in a Tadiator’, is 
mounted in front of a counter with thin windows in opposite walls so 
that the electrons may traverse the counter and pass into a second 
counter of conventional design in coincidence with the first. The range 
of the electron is determined from the coincidence count obtained when 
different thicknesses of aluminium are placed between the two counters. 
This arrangement reduces the contribution of the background and y- 
radiation and enables the range to be determined more precisely than is 
otherwise possible. In the low y-energy region the absorption method 
is probably more accurate than the coincidence method, but the reverse 
is probably true for high y-energies (say > 1 MeV). In this region, 
where the absorption coefficient does not change greatly, the energy 
of the Compton electrons increases relatively rapidly with the y-energy. 
The relationship between the energy of the recoil Compton electrons 
and y-energy has been given by Dee et al. (73). By omitting the 
radiator this method has similarly been used to determine the range 
of primary ^-particles (74). It is also valuable in investigating dis¬ 
integration schemes of radio-isotopes (75). 

D. X-rays 

The usual methods of determining the energy of X-rays are well 
known (76) and will not be described here. A method (77) reported 
very recently for X-rays in the range of 1-50 KeV utilizes a proportional 
counter (see p. 134), the energy of the X-ray being determined from 
the amplitude of the output pulse obtained. By using the proportional 
counter in association with a pulse analyser (see p. 185) it can be em¬ 
ployed as an X-ray spectrometer. 

The absorption method may also be used for X-rays. The semi- 
logarithmic absorption curves of soft X-rays emitted by radioactive 


THE ENERGY OF RADIATIONS 109 

material (e.g. the K X-rays of the lighter, and the L X-rays of the 
heavier atoms) are linear and have similar half-thicknesses to those of 
nuclear ^-particles (78). To distinguish between the two when they 
occur together, differential absorption may be used. Whilst the range 
of 8-partioles is approximately independent of the nature of the ab¬ 
sorber, interaction of X-rays with matter (predominantly by the photo¬ 
electric effect) depends on the fourth power of the atomic number. 
Using absorbers of low atomic weight, very little absorption of X-rays 
takes place and beryllium is practicaUy transparent. Thus nuclear 
fl-particles may be ffrst absorbed completely in, say. beryllium and the 
absorption curve of the X-rays (which are transmitted practically ivith- 
out attenuation) may be determined by absorption in alumimum 
without interference from the ^-particles. The technique becomes some¬ 
what inconvenient, however, if very energetic or p+-particles are 
simultaneously emitted as large thicknesses of beryllium must then be 
used to absorb the particles completely (79). Since beryllium metal is 
not readily avaUable, plates of graphite or of a suitable pl^tic (^such 
as polystyrene) may be used as an alternative absorber for the p- 
particles. but somewhat higher absorption of the X-rays is t''®" 
tabled. Another method of preventing the charged particles reachi g 
the counter is to deffect them away from the detector with ‘ 

field, when the X-ray absorption curve may 

interference from nuclear /3-particles or attenuation of the X-rays m 
a secondary beryllium absorber. This technique is particularly useful 

ydth. X-rays of low energy. u zr 

x-rays may be emitted from radio-isotopes either as a result of ^ 

capture or as a secondary effect of the internal conversion of y-raj s 

(see p 91). The unfilled orbits resulting from X-capture are completed 

bv outer orbital electrons iidth the generation of X-rays charactenstic 

^ftWarghter element. In internal conversmn. 

species itself. These two modes of disintegration may be 
by absorption techniques, although the detenmnat.on of the X^ray 
SerSsTy simple absorption is not usually sufficiently precise to 

distinguish between K X-rays of neighbourmg elements. 

xJLe spectra are emitted by an element when an <=“^y 

in the X-sheU is filled by an electron from the i-shell and the K^-lme 

t laLd ndth electrons from the A/-sheU. However, the absorption 
IS obtamea absorption could 

by an element of its o^\n Ime ”, - + 1 , r This is 

o^y occur if the X-electron were transferred to the i-sheU. This 
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not possible since there is no vacant space in the neutral atom Such 
absori)tion as does occur usually takes jdace by removal of electrons 
from the L- and M-sheUs which is a relatively inefTicient process. If th 
energy of the impinging X-rays is greater than the energy correspond^ 
mg to this process, however, tlie A'-electron accpiires sufficient enerev 
to escape and the X-ray can be strongly absorbed. The absorption 



Fio. 2.27* A tyjjical X*ray absorption curve allowing the K 

and Ij ‘eilges\ 

coefficient of X-rays by a particular element is found to decrease with 

increasing energy of the X-rays (i.e, decreasing wavelength) with a 

■senes of discontinuities (called ‘absorption edges’) corre.sponding to the 

energy necessary to eject an electron from each of the N-, M-, L-, and 

/v-shells of the atom (Fig. 2.27). The energies corresponding to each 

type of absorption edge increase witli atomic number. If absorption 

curves of X-rays arc determined with elements of different atomic 

number as absorbers, a sharp increase in absorption will be obtained 

with tliat element, the X-edge of wliich corresponds to an energy slightly 

less than the X-ray energy being studied. Knowing the /I^-lines and 

the positions of the absorption edges for relevant elements (see ref 

(76)) the element emitting the X-rays may be identified from the 

properties of the clement which gives the large increase in absorption 

Only two or three elements are possible in any given case and the 

determination of a limited number of absorption curves only is 
necessary. 

As an example (80), ^Sm decays by ^-emission with a half-life of 
47 hi^. to stable ^tiEu. but X-rays and 102 KeV y-rays are also emitted, 
ihe X-rays could be those (a) of prometheum (element Gl) if X-capture 
simultaneously occurs, or (6) of samarium if the 47-hr. body is an 
excited state of ^Sm which loses its energ3^ by emission of an in¬ 
ternally converted y-ray (conversion electrons being undetected), or 
(c) of europium if an excited state of formed by ^-decay is 
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de-excited by y-emission (with very short half-life) to the ground state, 
the y-ray being internally converted. A critical absorption technique 
allows a decision to be made between these three possibilities. The 
energy and wavelengths of K^-Mnes are shown in Table 2.4; the K^- 
radiation accounts for 80 per cent, of the X-rays in these cases. 

Table 2.4 


Energy and wavelengths of K^~lines of Pm, Sm, and Eu 



The absorbing elements in the critical absorption region are lantha 
num, cerium, and praseodymium, for which the corresponding values 
of the A-edges are shown in Table 2.5. The type of absorption expected 
using these three elements is summarized in Table 2.6. 


Table 2.5 

Wavelengths and energies corresponding to the K-absorption 

edges of La, Ce, and Pr 



Table 2.6 


Element Strong absorption irenA: absorption 


Pm . 
Sm . 
Eu 


La 

La, C© 


La, Ce, Pr 
Ce, Pr 
Pr 


It can be seen from the absorption curves (Fig. 2.28) that the X-rays 
are due to Eu. A similar study of -^Eu ((, = 9-2 hrs.) which decays 
by fi- and y-emission has shown that the emitted radiation is chaiac- 

teristic of samarium (see Fig. 2.29) and therefore >=^Eu also decays by 

if-capture. In this case the separation of the ZlTot 

due to the higher backgr ound intensity of y-rays than m the case 

"Ibsorbers are most conveniently used in the form of thin Ms. b^ 
with many elements this is not possible. Powdered ayer oi the sM 
element or one of its compounds ndth an element of low atomic weight 
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(which has little effect on the absorption) have also been used, although 
discrepancies have been reported between the apparent absorption 
coefficients of the same element as a foil and in powdered form (81) 
As an alternative method, aqueous solutions'containing the appropriate 
element in different concentrations have been used as absorbers. The 



Fio. 2.28, Critical absorption curves of the Fio. 2.29. Critical absorption curves 
X-rays emitted by *”Sm. of the X-rays emitted by «*Eu. 

nitrates or carbonates of the element should preferably be chosen and 
the solution should be contained in a thin plastic vessel. Appreciable 
absorption of the softer X-rays may occur in the walls of the vessel, 
however, as in the case of the X-radiation from ®®Fe, which has an 
energy of 6*5 KeV and an absorption half-thickness of only 6*5 mg./cm.^ 
in aluminium. 

E. a-particles 

It is rarely necessary for the radiochemist to determine the energy 
of a-particles. It is often estimated from the range in air (determined 
by the use of a Wilson cloud chamber or ion chamber) using the relation¬ 
ship 

Rq = 0-306X*, 

where Rq is the range at N.T.P. and E the energy in MeV. The energy 
of a-particles may also be determined by use of an ion chamber, pro¬ 
portional counter, or scintillation detector (see Chap. Ill) in association 
with a pulse analyser (see Chap. IV). 
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Ill 

MEASUREMENT OF NUCLEAR RADIATION 


1. Ionization of Gases 

Nucleab radiation is almost always detected and me^ured by its 
ionizing effect on matter, and except in one or two particular cases it 
is most usual to utilize the ionization produced in a gas. Two electrodes 
of opposite polarity coUect the ions formed and the change in the 
potential difference is measured in an external circuit. 

There are many different ways in which this simple procedure may 
be adapted for the measurement of any particular type of radiation, 
but in this discussion we shall principaUy describe the opemting 
principles of readUy avaUable instruments of general utility, ^lese 
instruments should be regarded as useful tools only, as they aU ha,ve 
limitations and are not suitable for every type of measurement. So tar 
as possible, indications wiU be given of modifications m design to cover 
other uses. Care should be taken to understand thoroughly any measure¬ 
ment of an unfamiUar nature, as results which mean very litUe may be 
obtained if the instrument and technique are unsatisfactory. This warn¬ 
ing also applies to the design of electronic equipment of a speciahzed 

nature, described in Chapter IV. 


A. Ionization chamber 

A schematic diagram of the fundamental circuit for measurement of 
ionization in gases is shown in Fig. 3.1, where A represents a chamber 
containing a gas which is ionized by the passage of a single a-particle. 
The capacity, C, includes the distributed capacity of the system and 
the capacity of the chamber. If a potential difference which is suffi^ 
ciently high to remove the ions before they can recombine is applied 
to the two plates of the chamber, all the positive ions will migrate to 
the negative electrode and vice versa, producing a voltage pulse across 

the resltance Q which may be detected electromcally. In ^ 

negative ions are electrons, which migrate much more rapidly than 
thf heavier positive ions. The initial change m potential is ^ ^ 

due to the collection of electrons, and occurs very rapidly. The size of 
the voltage pulse obtained in the external circuit depends on the number 
of ion pairs collected (i.e. the charge) and the total capacity o 

system, and is equal to y = nejC, C^-^) 
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where n is the number of the ion pairs, and e the electronic charge 
The energy necessary to produce one ion pair in air is about 32-6 eV 
and hence an a-particle of 4-0 MeV expending all its energy will produce 



Fia. 3.1. Schematic diagram of fundamental circuit 
of pulse ionization chamber. 


about 1-25 X 10® ion pairs in air. For an ion-chamber of capacity about 
20 /x/xF., one a-particle of this energy will produce a charge of 

ne = l*25x 10®X l'6x 10-“^® 


= 2*0 X 10“^^ coulombs, 
and the voltage pulse produced is 


1-25X10®X 1-6x10-“ 
20x 10-“ 


volts 


= 10“® volts. 

An exact calculation of similar quantities for a flux of /8-particles 
emitted from a radioactive source cannot be simply performed on account 
of their continuous energy distribution. In general, the charge collected, 
the current flowing, and the pulse height are about a factor of 100 below 
those given by the same flux of a-particles. 

In chambers of usual dimensions (see below) the time taken to collect 
both positive ions and electrons is of the order of 10-^ sec., depending 
on the applied potential and the dimensions of the chamber. The 
positive ions are collected some thousand times more slowly than the 
electrons. Provided that new ion tracks are not formed in the gas 
more quickly than the ions are collected, a series of voltage pulses will 
be obtained corresponding to the number of ion tracks (i.e. the number 
of ionizing particles passing through the chamber). These pulses may 
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be counted electronicaUy, thus giving a measure of the radiation 

density. . v . t, u 

If, say, 1,000 a-particles per second are emitted in the ion chamber, 

the char^ collected will be 2-Ox lO-'i coulomhs/sec. (amps) which may 

be measured in an external circuit (see electroscopes, electrometers, and 

counting rate-meters). This method is often used for y-radiation with 

high fluxes, under which conditions a continuous current (rather than 

individual pulses) is obtained. The current calculated above represents 

the saturation current obtained if the potential difference across the 

plates is sufficiently high to separate the ions before they have a chance 

of recombining. It is important that the applied potential shall be 

high enough to maintain saturation current, particularly with hig 

fluxes when recombination may be serious. 


B. Proportional region 

Let us now increase the potential on the ion chamber (at the same 
time replacing the positive plate electrode by a wire to increase the 
potential gradient near the positive electrode for a given applied poten¬ 
tial) The condition for operation as a simple lon-chamber (na-mely that 
all the ions collected are formed in the initial iomzmg event ceases to 
^ obtained. As the potential is increased the proportional region is 

e^tLed in which the electrons from the -'*-1 

oelerated sufficiently to cause further ionization by colhsiom The t°ta 

• wa+inn Tirnduced is proportional to the number of ions in the mitial 
io^zing event, and the size of the voltage pulse on the collecting plate 

• mini to that which would have been produced if the chamber had 
bein operating as a simple ionization chamber, multiplied by a gas 
amnlifiLtion factor. The latter may vary from unity up to 10,000, but 

the same. 
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G. Geiger region 

In the Geiger region the ‘avalanche* of electrons increases in magni¬ 
tude as it is attracted towards the anode until it is limited by the 
positive ion space. The result is that the pulse output produced from 
a single ion pair is the same as that obtained from a large number of 
ions simultaneously produced. It is customary to use Geiger counters 
mainly for detecting ^-particles and the secondary electrons produced 



by y-rays in the counter walls. Any a-particles present are excluded 
from the counter by a window through which only p- and y-radiation 
may penetrate. 

The pulse amplitude depends on the size of the counter and may be 
from I volt in counters of small dimensions to about 60 volts in very 
large counters. In general, there is a sharp rapid change of potential 
in a fraction of a microsecond (due to the collection of the fast moving 
electrons) followed by a longer period of recovery (whilst the positive 
ions are collected), which is usually of the order of 100 microseconds 
(see Fig. 3.2). The tune taken for the pulse discharge to cease is very 
important in Geiger counters, and it is usually made as short as possible. 
There are two general methods of terminating or ‘quenching’ the dis¬ 
charge, one by the use of an external resistance or electronic quenching 
circuit and the other by introduction of a suitable polyatomic gas into 
the counter. These methods will be discussed in more detail later. 

Although the pulse amplitude is independent of the original ionizing 
event, it does depend on the potential applied to the electrodes, becom¬ 
ing larger as the potential is increased. If the potential is increased 
too far, the counter will break into continuous discharge due to the 
occurrence of multiple pulses, and this region is of no practical interest. 

In practice it is usual to determine the best operating potential by 
increasing the positive voltage on the central wire from zero and 
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observing the rate of counting obtained from a source of constant 
activity. Below a certain voltage, in the region where the counter is 
operating as an ion chamber, the pulse height is in general too small 
to operate the recording apparatus. As the proportional region is 
reached with rise of potential, the pulse amplitude increases and at a 



Fig. 3.3. Characteristic curve of a Geiger counter. 


certain starting potential becomes large enough for counting to com¬ 
mence. As the potential is further raised, the countmg rate 
untU the Geiger region is reached in which the counting rate is almost 
independent of the applied potential. Eventually the counting rate 
hegiL to rise rapidly (see Fig. 3.3) and the counter breaks into con¬ 
tinuous discharge. It is in the middle of the almost 

at a potential of about 100 volts above the threshold voltage) that 
Geiger counters are normally operated. 


D. Electroscopes and electrometers 

From equation (3.1) it is clear that a sensitive 
to measure the charge accumulating on one of the electro 
ionization chamber when the gas is ionized. In the ear y “ 

activity the famdiar gold-leaf electroscope 

ourpose In this instrument ionization causes discharge of the con 
denLr system formed by the leaves and the case and the rate at which 
iie leaves collapse may be used to estimate the ionization produced m 
the gas In general, only moderately strong radioactive sources can b 
meafured with a gold-leaf electroscope, and even se*" ^ 

electroscopes (7) arc seldom as sensitive as Geiger 

Electroscopes may be used for measuring a-, p-, or y radiat 
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a-radiation being most easUy detected since the specific ionization is 

high. Electroscopes are frequently more sensitive to y-rays than 

Geiger counters, because more secondary electrons are formed in th 

former owing to the larger wall area. Since the greater part of the track 

of a ^-particle of low energy is contained within the gas enclosed bv 

an electroscope, and also because of the higher specific ionization pro 

duced by slow electrons, these are more efficiently detected than fl- 
particles of high energy. ° 

If preferred, an external electrometer may be used to measure the 
charge accumulating on one of the electrodes of an ionization chamber. 
In principle this technique is the same as an electroscope in which the 
chamber and measuring system are combined. 


E. Other methods of detecting radiation 

Although methods of detecting radiation based on the ionization 
caused in gases have so far been mentioned, other effects caused bv 
radiation are sometimes used. The ionization produced by radiation 
(particularly heavily ionizing particles) may cause a latent image on 
a photographic plate which can be developed and fixed in the normal 
way. This method may be useful when the measurement of activities 
over long periods is necessary, but it is too tedious for general appUca- 
tion in radiochemistry (see Experiments 27 and 28). 

A luminescent screen such as zinc sulphide may be used to observe 

individual a-particles. When one of these hits a zinc sulphide crystal 

a fluorescent point of light may be seen. This was one of the classical 

methods used for detecting a-particles, protons, etc., in the early days 

of nuclear physics. As visual observation is a strain on the observer 

the scintillations are now detected by means of a photo-electric surface, 

the pulses produced being amplified in a photomultipUer tube. This 

method of counting a-particles shows great promise. Although it is 

more difficult, ^-particles and y-rays may also be counted by scintilla¬ 
tion methods. 

Another method of detecting y-rays is by means of the ionization 
produced in suitable crystals (8. 9). The electrons Uberated when an 
mnizing particle is passed through a crystal are collected by maintain¬ 
ing opposite sides in contact with electrodes at different potentials, the 
resulting pulse being detected by means of a suitable external electronic 
circuit. In practice it is necessary for the crystals used to be specially 
prepared, since impurities or crystal imperfections result in loss of free 
electrons. SUver chloride crystals (1 in. diameter and J in. thick) 
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diamond (8), thallium bromide-iodide, and cadmium sulphide crystals 
have been used. Conductivity counters have also been reported for 
measurement of a-activity (10) using diamond. Although they have 
short counting dead times (see p. 144) and are capable of high resolu¬ 
tion, they are not commonly employed at present in view of the diffi¬ 
culties of preparing the crystal and of operation of the counter. 


2. Measurement of a-RADiATiON 

Having discussed the general principles of the detection of radiation 
we shall now consider in detail the instruments and apparatus avail¬ 
able. Emphasis is laid in this and succeeding sections on the practical 
aspects—the precautions, essential conditions, and difficulties which 
must be considered before trustworthy results can be obtained. 

Of the common instruments used for a-measurement, namely the 
ionization chamber, the proportional counter, the electroscope, and the 
scintillation counter, scintillation and gas-flow proportional counters 
are likely to supersede the ionization chamber in general use. All the 
methods have two points in common; first, since a-particles are stoppe 
bv a few centimetres of air, it is essential that the source emitting the 
a-particles should be in close proximity to the sensitive part of the 
instrument used, i.e. actually inside such instruments as ion-chambers, 
proportional counters, or electroscopes and as close as possible to the 
screen of a scintillation counter; secondly, the contribution of an 
V-radiation from a source to the observed counting rate is usually small 
compared vuth the more ionizing a-particles, unless the Aux is 
considerably greater than the flux of a-particles. 


A. Ionization chambers 

A simple chamber used for detecting individual a-particles (some¬ 
times caUed a ‘pulse’ chamber) consists merely of a parallel-plate air 
condenser shown diagrammatically in Fig. 3.4, where ^ --P-^entyr 
source of a-particles of range R. The plates are mamtamed at a suffi¬ 
ciently high potential difference to ensure that there is no recombina 
tl^of le ions formed along the track of an a-particle. The negative 

ions are collected more quickly than the positive ions and 
initial rise of the voltage pulse shown diagrammatically as OA m F^ 
3 5 For slow counting rates (several hundred per minute) the time 
taken for the initial voltage pulse to decay sufficiently before jther 
pulse can be independently recorded (the resolving t>-e) is of little 
Lnsequence. since it is always of the order of a few imlhseconds. For 
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faster counting rates, however, the resolving time is very important 
since two pulses occurring within this time will be recorded as one only' 
The presence of air or oxygen in the chamber is therefore bad. Oxygen 
forms negatively charged molecular species which migrate only slowly 
towards the collecting electrode and even the initial rise of the pulse is 
thus extended (see Fig. 3.5), making it more difficult to distinguish 


+ 



A 


Fio. 3.4. a-particles in an 
ionization chamber. 



Fig. 3.6. Typical amplified pulses from 
an ionization chamber. 


between two pulses close together. The use of nitrogen, however, which 
produces no (slowly migrating) negatively charged nitrogen atoms, 
greatly decreases the time of the collection of the negative ions (elec¬ 
trons) and provided the amplifier has a short time constant (see p. 179) 
it enables a high counting rate to be employed. The best gas from this 
point of view for a-counting is argon, although methane is a good 
alternative (11). The electron drift rate of argon may be increased by 
adding small amounts of carbon dioxide. Hydrogen and helium are 
useful when gases of low stopping power are required, but these are 
normally only used for special purposes. 

The collection time of the ions also depends on the dimensions of 
the ion chamber, the applied potential, the pressure and ionization 
characteristics of the gas, but for gases which do not form negative 
ions the collecting times are not greatly different. For an ion chamber 
of, say, 5 cm. plate separation filled with nitrogen at atmospheric 
pressure, an applied potential of 1,500 volts results in a collecting 
tune of about 4 microseconds. The collecting time is roughly inversely 
proportional to the pressure and the applied potential, and proportional 
to the plate separation. 

From Fig. 3.4 it is clear that if the separation of the plates is small, 
many of the a-particles will not expend their full range in the gas before 
hitting the opposite electrode. In consequence, the number of ion pairs 
produced in the chamber by each a-particle will be much less than the 
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maximum, and the pulse amplitude obtained when these ions are col¬ 
lected on the electrode will be correspondingly smaller. Unless the 
chamber is large enough, some of the pulses may even be too small to 
be recorded (see p. 124). It is not essential that the plate separation 
shall be bigger than the range of the ot-particles but it should be of the 
same order: about 3-5 cm. is a convenient separation in most cases. 

The diameter of the plates should preferably be of the order of twice 
the range of the a-particles (8-10 cm.), in order to enclose as great a 
proportion of the particles as possible. Such large chambers have the 
disadvantage of a high capacity, however. The range of the a-particles 
in the ionization chamber may be reduced by increasing the density 
of the gas. For research purposes, ionization chambers are often 
operated under superatmospheric pressures (2-3 atmospheres), but for 
routine measurements this is seldom practicable. It is interesting to 
note that the pulse height obtained from the ions of tracks which are 
nearly parallel to the plates is greater than those in the direction of the 
appUed field since aU the positive ions have approximately the same 

distance to travel. 

B Operation of a pulse ionization chamber 

A diagrammatic representation of the electronic apparatus necessary 
for a-counting with a pulse ionization chamber is given m Fig. 3.6. 
The pulses coUected on the positive plate are fed into a smgle-stage 
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Fig. 3.6. Block diagram of an a-assembly. 

ampUfier (‘pre-amplifier’) mounted if possible on the ion chamber so 
rL reduce the capacity of the system (which includes that of the 
chamber and the grid of the first valve) to a minimum. The chance of 
a pulse due to electrical interference being amphfied and recorded as 
an <x-particle is also reduced by this means. After .^"^her amphfication 
(up to 10‘) the pulses may be observed on an oscilloscope. The use ot 
an oscilloscope affords a convenient and reUablc way of judgmg the 
"rmance of the chamber, since in general an .-particle gives a pulse 
which can easily be distinguished above the electronic noise level 
(see below). The trace observed on the oscUloscope mil have a orm 
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depending on the amplification which may modify the shape of the pulse 
to some extent, but with adjustments the trace may be made similar 
to that shown in Fig. 3.7. ^-particles may contribute to the background 
but will not interfere with a-counting unless present in large numbers* 
when the coincidental recording of many j9-particles may give a pulse 


line 

Fro. 3.7. Oscilloscope trace in a-counting with an ionization chamber. 

similar to that of an a-particle. About 10^ ^-particles per minute 
(depending on the time constant of the amplifier, see p. 179 ) can be 
tolerated in most ion chambers before this difficulty becomes serious. 
To cut out the ‘noise’ which would give large numbers of spurious 
counts, a discriminator unit is employed. The function of this is to 
reject pulses less than a certain size by applying a bias potential (repre¬ 
sented in Fig. 3.7 by the horizontal bias line) to the output from the 
amplifier. The pulses which are greater in size than the bias level are 
fed into the scaling unit and counted in the normal way. 

A characteristic curve of an a-assembly (counting rate versus bias 
potential) may be determined by measuring the counting rate obtained 



Fio. 3.8* Characteristic curve of an a-ionization chamber* 

for different bias voltages. A curve of this kind is shown in Fig. 3.8. 
The large number of counts observed at low bias voltages (region A) 
is due to the background caused by stray radiation, ‘noise’ from the 
electronic circuits, etc. The relatively flat portion {B) is the plateau 
region on which counting is normally performed, the bias potential 
being set at a value which is slightly above the noise region (A). In 
practice a truly flat plateau is seldom observed, but satisfactory working 
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conditions are obtained if the bias plateau has a slope of less than 
0-1 per cent, per volt and extends over about 20-30 volts. The shape 
of the plateau is dependent on external factors which should be investi¬ 
gated if a poor characteristic curve is obtained. If the chamber is too 
small, for instance, or the counting rate too fast (particularly when air 
is used in the chamber), a poor characteristic curve may result. Nitro- 
gen-fi-Ued chambers give much better plateaux. 

C. Construction and use of a pulse ionization chamber 

To a chemist, one essential feature of an ion-chamber for routine 
ct-counting is that insertion of the radioactive specimen should be 
simple. As this requirement normally means that the chamber cannot 



Fio. 3.9. a-chamber designed for rapid insertion of source. 


be gas-tight, ordinary atmospheric air is often used although such 
chambers^ suffer from the defects already mentioned. For accurate 
work it is better to buUd a chamber which may be filled with 
argon or methane either at superatmospheric pressures oi undei 
conditions. Two designs of chamber into which the source may 

introduced with rapidity are shown m Figs. 3.9 and 3-10 

Since the pulse height obtained from a given lomzmg tiack depends 
on thrpoiion of the°track relative to the collecting electrode, a range 
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of pulses of different heights wiM be obtained even with a source of 
monochromatic a-particles. A quantitative estimate of the energy of 
a-particles from a given source is therefore difficult. By inserting a grid 
near the anode (collecting plate) at a potential sufficient to limit the 
collection of negative ions on the grid, but such as to give a large 
potential drop between the grid and anode (compared with that between 



Fig. 3.10. a-chamber designed for Fio. 3.11. Gridded a-chamber. 

rapid insertion of source. 


the grid and cathode), electrons formed between the grid and negative 
plate pass through the grid and produce a voltage pulse which is inde¬ 
pendent of the position of the ionizing event in the chamber. The 
movement of the positive ions towards the cathode in this case pro¬ 
duces no induced charge at the anode since the latter is screened by 
the grid. Fig. 3.11 shows a typical chamber containing a grid. The 
efficiency of chambers of this type depends on the relative potential 

differences between the grid and the electrodes and their relative 
spacing. 

Guard rings surrounding the collecting electrode are sometimes used 
in measurements of energies of a-particles. The function of a guard 
ring is to maintain a uniform field which is undisturbed by edge effects 
between the collecting electrode and the cathode. The ions are then 
efficiently collected on the electrode without loss on the walls of the 
chamber. The use of large electrodes relative to the range of the a- 
particles avoids the necessity for a guard ring, which is more commonly 
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used in proportional counters and in cylindrical ion-chambers with axial 
wire anodes where leakage problems are more serious. 

The following practical details summarize the essential points in the 

use of an ion chamber: 

(o) The plate separation and the 
diameter of the electrodes should 
be of the order of the range of the a- 
particles (in general approximately 4 
cm. separation by 8-10 cm. diameter). 

For air chambers, smaller plate 
separations are often used to reduce 
the collecting times of the ions, but 
the use of chambers filled with a gas 
which does not give negative ions 
obviates the necessity of this some¬ 
what unsatisfactory procedure. 

(6) The chamber should be of rigid 

construction throughout. This is to 

reduce the possibility of spurious Fig. 3.12. Antimicrophonic mounting, 
pulses due to variations in capacity 

caused by vibration. If there is available a solid stone bench set m o 
the foundations of the building, the chamber should be firmly bolted 
on to this. If not, the best that can be done is to set the chamber on 
an ‘antimicrophonic’ mounting of some kind. This consists essentially 
of a rubber seating on which the holder of the chamber is set. It may 
also be necessary to support the chamber in the holder by means o 

rubber bands (see Fig. 3.12). i j i • +VtoTr 

(e) Stray electrical and magnetic fields should be excluded, smce they 

cause spurious pulses. This is normally achieved by settmg the whole 

apparatus-chamber and auxUlary electronic apparatus-inside a 

screened room or Faraday cage consisting of mesh of hole ^*5® ^ 

i cm. square. Care should be taken not to vitiate the effect of this 
screening by ‘pick-up’ through the mains mput leads into ^he cage 
If this is serious, suitable frequency suppressors used. All 

earth connexions should be in series rvith the main earth at the 
(d) The capacity of the chamber should be kept as low 
For this reason the use of a guard ring to keep out stray fields 
recommended, although it is favoured by some workers. A 
terior screening, well away from the collecting plate, is consideied 

be better. 
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(e) The preamplifier should be mounted directly on the top of the 
ionization chamber to reduce the capacity of the circuit up to the grid 

of the first valve, and at the same time to lessen the interference due 
to vibration and electrostatic pick-up in leads. 

(/) The inside surfaces of the chamber should be as smooth as 
possible with no points from which spurious discharges may arise. It 
is usual to electroplate the inside of the ion chamber with a heavy 
coating of nickel in order to obtain a smooth surface. This also reduces 
the possibility of contributions from naturally occurring radioactive 
bodies present in the material of which the chamber is made. The 
source of a-particles should be mounted on a flat piece of foil with no 
sharp protruding corners, and similarly the sample itself should have 
no projections. The insulating material in an ion-chamber should be 
of high quality. Recently some of the new plastic insulators have been 
used with success. 

((/) The a-source should be placed on the negative electrode. The 
characteristics of the chamber are changed by placing the source on 
the positive electrode. 

(/i) The applied potential should be about 300 volts per cm. of 
separation, although this is not critical. It is, however, essential that 
the voltage be kept low to avoid random discharge. On the other hand, 
the potential must be high enough to produce saturation current, if 
pulses of small amplitude (which will be lost in the discriminator) are 
not to be obtained by ion recombination. 

ij) It is often desirable to insert some kind of a filter in the negative 
line before the plate of the ionization chamber to prevent spurious 
pulses from the mains supply being fed through to the chamber. Surges 
in the mains supply may be caused by the use of electric light switches, 
motors, etc., in the locality. 

D. Use of electrometers to measure ionization currents 

Measurement of the current produced as a result of the accumulation 
of charge on the collecting plate of an ionization chamber is an alterna¬ 
tive method of estimating the rate of emission of a-particIes by a source. 
For 1,000 a-particles/sec. the current obtained is 2-0x10-“ amp (see 
p. 116) and may be conveniently measured with an electrometer, by 
one of the following methods. 

(a) Measurement of the rate of drift. If the instrument is connected 
as shown in Fig. 3.13 and is calibrated so that the rate of change of 
the electrometer reading is a known function (usually linear) of the 
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rate of change of charge on the collecting plate, the ion current ia given 
by 

ion current = • < ■ ■. ' ' ^ ^ rate of drift» 

sensitivity oi instrument 



C 


Electrometer 


Fio. 3.13. Measurement of radiation by use of an 

electrometer—method (a). 



(b) Measurement of the potential developed across a resistance. If the 
ion current passes to earth through a resistance Q (as shown m Fig. 
3.14), the potential developed may be measured by the steady deflexmn 
of the electrometer. If the instrument has been calibrated, the ion 

cun*ent may then be estimated. 



Fic. 3.14. Measurement of radiation by use 
of an electrometer—method (6). 


(c) Null deflexion method. This method is shnila. in principle to that 
of tL previous method, except that the flow of current through the 
resistance is opposed by a potential difference apphed m the opposite 
direction (see Fig. 3.15). The opposing potential may be measured on 
an auxfliary potentiometer bridge and the ionization current calculated 

by Ohm’s law. 


6197 
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In the last two methods the resistance Cl is chosen so that the ‘time 
constant’ of the circuit, CIO {where C is the capacity of the chamber) 
is long compared with the collecting time of the pulse. In this way a 

practically continuous current and a steady reading are obtained (see 
Chap. IV). 



Fig. 3.15, Measurement of radiation by use of an electrometer_ 

method (c). 

Many different types of electrometer have been developed. The 
string electrometer (12) consists of a metal-coated quartz fibre (of 
0-005 mm. diameter) which is held taut between two charged plates. 
The charge from the ion-chamber passes to the fibre, the displacement 
of which is observed by means of a microscope. The Lindemann electro¬ 
meter (12) is similar in principle, with a needle which moves in the 
field produced by a charged quadrant. The Lindemann electrometer 
is very useful as a general-purpose instrument and is usually quite 
stable and reproducible. The sensitivity of Lindemann and string 
electrometers increases with the applied field, although if too high a 
potential is used, the instrument tends to become imstable and the 
fibre may stick to one of the electrodes. Electrometers of this type 
can be made mechanically robust, although the suspension usually 
requires careful handling. A type of electrometer more commonly em¬ 
ployed for the measurement of radiation utilizes an electronic circuit 
to detect the ionization current. A potential difference derived by 
passing the ionization current through a high resistance is applied to 
the grid of a valve, the resulting plate current being used to operate a 
mjcroammeter or (after further amplification) a more robust instrument. 
In principle this type of electrometer is very simple and is easily made 
portable, but in practice the very small potential differences applied 
to the grid of the valve are only just sufficient to produce an anode 
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current which is detectable over the relatively large natural grid current 
of the valve. Special valves with very low grid currents (obtained by 
use of low electrode voltages) are therefore employed. In order to in¬ 
crease sensitivity it is also customary to use some kind of balanced 
circuit (such as two valves connected in opposition) so that simultaneous 
fluctuations in the operating conditions of both sides of the circuit tend 
to cancel out. A tetrode valve (13) (F.P. 54) in a properly balanced 
circuit has been extensively used for this purpose, the sensitivity of the 
resulting electrometer assembly being comparable with that of the best 

quartz electrometers. 

Low-frequency changes in the first valve which are subsequently 
amplified are sometimes troublesome in this method, but may be over¬ 
come by use of a so-caUed vibrating reed electrometer (13). The capacity 
of the ion chamber and its associated components is rapidly varied by 
oscillating (electromagneticaUy) one of the plates of a condenser con¬ 
nected to the ion-chamber in which the charge is being collected. Ihe 
pulses of about a few hundred cycles/sec. thus produced are fed on to 
the grid of the valve potentiometer and the subsequent amplifying 
circuit is coupled to this through a condenser chosen to prevent the 
passage of pulses of long duration. The pulses parsing through to the 
ampUfying stage are then of the frequency of the vibrating electrode and 
of an ampUtude determined by the charge collected on the electrode. 

The oscillating condenser may be a rotating vane near to a fixed 
vane, or a diaphragm or reed vibrating near a fixed plate (called the 
anvil). In the latter case the reed and anrdl have a minimum separation 
of 0-005 in., and the reed oscillates about 0 02 in. Both electrodes are 
highly polished, and in some designs gold is evaporated on the reed 
and Lvil Pitted surfaces result in increased variations in contact 
potential and zero drift. The vibrating reed condenser is often sealed 
fn an inert atmosphere, to avoid deposition of moisture dust, etc To 
avoid pick-up in the leads the electrometer unit and the first amphfj mg 
stages should be mounted together on the ionization chambei. 

librating reed electrometers are likely to replace valve electrometer, 
for many purposes. By rectifying the A.C. after the amplification sta e 
and meLuring the output on a milliammeter the '-timment^an be 
made to give a direct reading, if necessary rvith a recordei. ^othei 
advantagf is that it has a vide range of sensitivities. It can be 
with low sensitivity to be robust enough for Large-scale worir, or a«th 
higher sensitivity for use in the laboratory. Currents dovm to 10 
amps, have been measured by this technique and it is possible to detect 
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a few disintegrations of a-activity per minute with accuracy. For work 
of high sensitivity the vibrating reed electrometer is superior to the 
quartz fibre instrument. It is easier to correct for the a-contamination 
of the chamber by measurement of the background in the absence of 
source since the contribution of each a-particle obtained from con¬ 
taminating activity is then easily observed as a distinct step in the 
output trace (see Scherbatskoy (13)). With high a- and j8-activities 
of course, less sensitive instruments may be used and the background 
correction is unnecessary. 



Fio. 3.16. Classical design of a-electroscope. 


Door for 
insertion 
of sample 


E. a-electroscopes 

In principle, any electroscope may be used to measure any kind of 
radiation which can reach the chamber, and design is largely a question 
of adjusting the window thickness, sensitivity, etc., to meet the require¬ 
ments of the particular radiation concerned. A typical form of a- 
electroscope is shown in Fig. 3.16. The upper plate {B) is connected to 
the electroscope system to which is supported a gold leaf charged by 
means of the adjustable rod (C). The ionization produced in the gas 
of the chamber by the a-source (A) causes a loss of charge from the 
plate to earth and thereby the gold leaf falls at a rate which is measured 
on a cathetometer. 

The current which flows between the plates will depend on the potential 
difference between them. Throughout the period of drift of the leaves 
this should never be allowed to fall below a value sufficient to produce 
the saturation current, as otherwise the sensitivity will not be constant. 
For parallel plates of, say, 3—4 cm. apart, about 300 volts is a reasonable 
value in most cases, but with very active sources even higher voltages 
should be used, or alternatively the capacity may be reduced by lessen¬ 
ing the separation of the plates. Sensitivity may be increased by using an 
electroscope in which the a-source is introduced into the leaf system (since 
the capacity is usually smaller), but the necessity of constantly opening 
and shutting the chamber is liable to cause rapid wear of the leaves. 
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The rate of loss of charge will depend on the distance of the ionization 
track from the electrode system. The farther the track from the 
plates, the greater is the chance of recombination of the ions, but such 
difficulties are less serious if a separate ionization chamber is used in 



Fig. 3.17. a-eicctroscope. 
(neproduad by pennis$ion of Dr. H. Carmichael.) 


^hich the plate separation is smaU enough to aUow a reasonable chance 

of all ion tracks causing more or less the saine rate 

A more sensitive type of electroscope is shovm m ^ In prm 
ciple this is a quartz fibre Lauritsen electroscope (7) to which is 

different from the gold-leaf electroscope in two 

tivity is increased by use of a g«ld-sputtered quartz fibre whic 
observed by a microscope of 50-fold magnification and secondly, the 
restoriS force on the quartz fibre is the natural elas icity of the fibre 
rather than gravity as in the case of the gold-leaf electroscope. The 

is not on,, .boot . lu.ndtod 

than the gold-leaf electroscope but also more linear m response 
1 meatremint the ionization chamber attached to the Lauritsen 
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electroscope is filled with a large collecting electrode to reduce the 
volume and give an effective track length of about 1 cm. This lowers 
the sensitivity, which is necessary since the rate of drift would other¬ 
wise be too rapid for most measurements. Lauritsen electroscopes can 
be made in which the rate of drift of the fibre is directly proportional 
to the activity, from 200 to 200,000 a-particles per minute. These 
instruments are not yet commercially available in the United Kingdom 
but they are relatively easily constructed in an ordinary laboratory 
workshop. The most delicate part is the quartz fibre (on which a 
deposit of gold must be sputtered), but once this is obtained there is 
no reason why the instrument should not be constructed by the operator 
an advantage over other types of equipment requiring associated elec¬ 
tronic apparatus. 

In case the rate of collapse of the leaves or fibre is non-linear it is 
better to compare the times necessary for movement of the fibre over 
a fixed scale distance observed in the graticule of the microscope, rather 
than to measure the scale distance traversed in a given time. Under 
such conditions the activity of a source is inversely proportional to the 
time required for the leaves to di’ift through a given number of scale 
divisions. Allowance must be made for the loss of charge caused by 
leakage through the material insulating the charged fibre from the case 
and for the natural background, by subtracting the rate of drift (num¬ 
ber of divisions per minute) of the electroscope in the absence of a source 
from the rate of drift in the presence of a source. 

Direct comparison by the use of an electroscope of fluxes of particles 
of very different ionizing powers is very difficult. The absolute dis¬ 
integration rates of a- and )S-emitters cannot be directly compared 
without a detailed knowledge of their respective ranges, energies, specific 
ionization, etc,, and then only with difficulty. Even with two a-emitting 
bodies, unless the radiations are of similar energy it should not be 
assumed that the rates of drift are proportional to the activities. In 
such cases it is best to calibrate the instrument with a-radiation of 
different energies using some other instrument to determine the abso¬ 
lute disintegration rates. With all types of emitter, electroscopes are 
most reliable when used with a single radio-isotope. 

F. Proportional counters 

In a proportional counter the amplification obtained in the gas phase 
enables the detection of much smaller initial ionization than is possible 
with an ionization chamber. Proportional counters may be used to 
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detect a-particles and have advantages over other techniques in some 
cases for measurement of j3-particles (e.g. when is low or when 

very high counting rates are necessary). They are also useful when it 
is necessary to work at atmospheric pressure, since most of the com¬ 
mon gases can be made to operate at atmospheric pressure in the propor¬ 
tional region with a reasonably low applied potential. Proportional 





counters can also be used to count heavUy 

nresence of particles which give smaller ionization. Thus “‘P^ic es 
OTotons and 8-particles which produce some 30,000, 12,000, a-ntl 
forpaTr’s per cl of track may easdy be distinguished from each other by 

annropriate choice of the applied potential. 

^Loportional counters have been made with almost any geometry. 
Tlfev Iret^^^ally cylindrical in shape, the anode being a thin ungsten 

used (14) A typical proportional counter is shown in Fig. 31» “ 

that it is well inside the active space of the counter. The gas 
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necessary for operation in the proportional region depending on the 
ionization characteristics of the gas. Argon, nitrogen, and methane are 
commonly used. For a-particles the latter requires a potential of the 
order of 1,500 volts at atmospheric pressure when used in a counter 
of the above design (about 3 cm. diameter by 10 cm. long). Argon will 
operate at lower potentials. As with ion chambers, the presence of 
gases which give negative ions should be avoided. A difficulty due to 
this cause is sometimes encountered with methane, which cannot be 
easily obtained pure and, in particular, free from oxygen. The use of 
impure methane results in poor characteristic curves. 

A guard ring at the end of the anode wire is often incorporated in 
proportional counters (and in ion-chambers of cylindrical design) to 
prevent leakage of charge from one electrode to the other which may 
lower the pulse amplitude so much that the pulse is undetected. In 
Geiger counters the pulse height is normally so large that this precaution 
is unnecessary. 

G. Operation of a proportional counter 

The operation of a proportional counter follows very closely that of 
an ion-chamber, and the counter is connected to its amplifiers, scaler 
discriminating unit, and power supply as shown in Fig. 3.6. In principle 
the operating characteristics of the counter may be determined in the 
same way as in the case of an ion chamber, but it is usually more 
convenient to maintain the discriminating bias potential constant and 
to vary the external amplification, thus obtaining an ‘attenuation* 
curve. A source of constant a-activity is placed in the counter, the 
bias is set to a fixed value (say 20 volts), and the amphfication to a ‘gain* 
about half its maximum. The potential is then increased until counting 
commences, and the counting rate is measured for different values of 
the amphfication with a fixed applied potential. The logarithm of the 
amplification (expressed in decibels) is plotted against the counting 
rate, when a curve such as A in Fig. 3.19 is obtained. 

If the potential of the wire is now raised, further gas amplification 
occurs and a different attenuation curve will be obtained (as B in 
Fig. 3.19). (If the same attenuation curve is obtained at different 
applied potentials the counter is operating as an ionization chamber.) 
If after determining curve B the bias potential is increased so that the 
counting rate at a given amplification changes from C on curve B to 
C on curve A, then a fresh determination of the attenuation curve 
with this new bias potential should give a curve identical with A. This 


MEASUREMENT OF «.RADIATION ‘-i? 

method of normalizing the attenuation curve is a reliable test that the 
counter is operating as a proportional counter, since a normalized curve 
wiU be obtained only if the pulse height is proportional to the initial 
degree of ionization at both potentials. The ratio of the amplification 



FIG. 3.19. Characteristic cur^-es of a proportional counter 6!led with 
argon (a-particles) and methane (^-particles). 


factors at corresponding points on the two curves is tire same as the 

ratio of the gas amplification obtained. 

If the appUed potential is too high the counter may no lonp 
operate in tL proportional region. Again, a satisfactory attenuation 
ZT.Z not be obtained even with the highest applied potentials 
if Te C potential is set too high. The stability of a proportional 
couniriTprimarily dependent on the E.H.T. supply and it may also 
he useful in assessing performance to determine the counting rate for 

different E.H.T. voltages. reasonable 

In this wav the applied potential may be adjusted to a reasonable 

attenua p parsing the discriminating unit and are not 

:ifd:iTused to detect ^-particles, the a™plidcation 
a given potential is usually much higher than when a-actii ity he g 


measured. 

If the whole assembly 
micropbonics is almost 


is of faiily rigid construction, interference from 
absent. A good proportional counter records 
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only about 30 counts per hour in the absence of a source (probably due 
to a-contamination of the counter). As with ionization chambers pre 
cautions should be taken to exclude stray electrical fields, to keep the 

capacity of the counter (and its associated components) low, and to 
reduce mains fluctuations. 

H. a-scintillation counters 

The scintillation method of counting a-particles by means of a photo¬ 
electric cell has not been extensively used hitherto, although it is a 

Photosensiti ve 



method which promises well. Spurious counts due to microphonics are 
absent and absorption losses caused by poor sample mounting are easily 
avoided, since the sample area may, in general, be relatively large. 

A schematic drawing of the counter is shown in Fig. 3.20. The sample 
to be measured is mounted on a tray made of aluminium or platinum, 
etc., about 2 in. in diameter. This is inserted in the slide which is placed 
in the rack as near as possible to the sensitive screen. The scintillations 
caused by the a-particles are concentrated by the surface-aluminized 
Perspex pyramid on to the photocell of the photomultiplier tube. The 
light quanta cause the emission of electrons from the caesium-antimony 
photosurface which are amplified in the photomultiplier tube in a time 
of the order of 10~® sec. The current amplification in this stage is about 
10® and the output is fed into a suitable low-gain amplifier, the pulse 
amplitude then being sufficient to operate a recorder. 

The following details of construction and operation should be noted: 

The photomultiplier tube. Some of the photomultiplier tubes available 
are liable to give of the order of two or three pulses per minute in the 
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absence of a source, caused by thermionic electron emission. For 
normal work this is quite adequate, but for the determination of very 
smaU a-activities it may not be satisfactory. Photomultiplier tubes 
which give about three pulses per hour or less can be obtained, however, 
and about three or four scintillations per minute are then easily ob¬ 
servable with reasonable statistical accuracy. 

The Perspex concentrator. The Perspex block is a symmetrical pjnra- 
mid which may have a circular or a square base. A depression is cut 
into the upper surface to form a bed for the photomultiplier tube 
The lower face itself or alternatively a detachable glass plate which 
mav be inserted below the lower face forms a fluorescent screen. 

The fluorescent screen. The fluorescent material is usually zinc 
sulphide which is available commercially for making oscilloscope tubes. 
(The fluorescence of the zinc sulphide is activated by a silver content 
of a few parts per mUUon and there is also a little nickel present which 
kills the long after-glow.) To prepare the screen the lower face of the 
pyramid is made uniformly wet with a 5 per cent, solution of 
add. The zinc sulphide powder is then lightly dusted on and allowed 

'°Ttrelectronic circuit. A stabilized potential of about volte is 

appUed to the photomultiplier tube, the output of which is fed into 
til two-stage amplifier. An associated discrimmator is also often used 
(as for an ionization chamber), but the natural discriminator level of 
the recorder is usuaUy sufficiently high to reject pulses due to thermal 

noise etc (seep. 182). For very accurate work an auxiliary (hscrimina - 

fc“=; ■=s; “iSS 

amplifier of about 1 ^5°"' tLO utput of the amplifier 

plier tube and the L^b Jved on an oscilloscope 

Tn^sr;. TCre'lvS’time of thelholc assembly (about 20 micro¬ 
sec.) is limited by that of the recorder enclosed m a com- 

“ I s ‘"““oCrr. -y 1.. 
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may not be obtained with grazing incidence on the surface of the zinc 
sulphide crystal. Similarly a scintillation not entirely visible from 
the cathode of the photomultiplier tube may be lost. The screen 
efficiency (proportion of a-particles producing scintillations) is usually 
about 90-95 per cent., however, and if the screen is prepared carefully 
there is little variation over the whole surface. As the geometrical 
efficiency can never be greater than 50 per cent., the overall counting 
efficiency is usually about 40-45 per cent.; slight changes in the geometry 
of the system may cause large errors in counting and it is therefore 
important to maintain good reproducibility of positioning. 

3. Measurement of ^S-badiation 

There are three principal instruments used for estimating /S-activity. 
The electroscope, useful for detecting highly )S-active sources, is not so 
sensitive as the Geiger-Miiller counter, which is probably more generally 
used in radioactive measurements than any other single instrument. 
The proportional counter has also been recently developed for detection 
of ^-particles, but as it is used in the same way as for a-particles it 
will not therefore be discussed further. A large volume of literature 
is now available on the fundamental principles and practical aspects 
of these instruments (1, 2, 3* 15, 16). 

A. Geiger-Muller counters 

A Geiger-Muller counter (15) in its most usual form consists of an 
earthed cylindrical case containing a gas (usually at a reduced pressure), 
along the axis of which is suspended an insulated positively charged 
fine wire electrode. During the period of recovery which occurs after 
the sharp initial change in potential produced by the avalanche of 
electrons in a discharge (see Fig. 3.2) several things may be happening. 
The positive ions liberated in the discharge slowly diffuse to the cathode, 
and as long as they are present the potential gradient in the gas will be 
to some extent distorted. When they have migrated sufficiently far 
from the anode for the field to be more or less restored to its original 
value, a second discharge can occur. On the other hand, liberation of 
secondary electrons from the counter wall may be caused by the electro¬ 
magnetic radiation emitted when the positive ions are neutralized by 
electrons from the cathode and the discharge may then continue in¬ 
definitely, since each secondary electron will produce another avalanche. 
The prevention of the formation of secondary electrons is the most 
effective way of terminating the discharge, but it may also be stopped 
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bv lowering the potential on the central i,vire for a time sufficiently long 
to enable aU the positive ions to be neutralized and the liberation of 
secondary electrons to cease. In this latter method the potential is 

decreased by use of a large external 
resistance (H) shown in Fig- 3-21, where 
C represents the distributed capacity of 
the system. If i is the minimum current 
necessary for maintaining the discharge, 
the voltage di*op across the counter tube 
during discharge will be F—Hi, and if 
a is sufficiently large this will be lower 
than the potential difference necessary 
to maintain the discharge which ^vUl 
therefore cease. Resistance ‘quenching’ 
is limited by two opposing factors: 

(a) The recovery time of the counter 
may be unduly increased if the resist¬ 
ance is too high. If the potential on the . , .. v 

central wire drops from F„ to V, in the initial stap of the discharge, 

the rate at which the potential F„ is recovered is given by 

V = 


- HI ■ 

Fig. 3.21. External resistance 
quenching. 


(3.2) 


where 1 is the time, and Q and C are the resistance 

external circuit respectively. From equation (3.2) it vull be seen 

the recovery time is greatly increased by making 

diished if 1 resistance is too Imv. The lower the -J-e he 

Geiger region. the discharge is sometimes terminated by 

lowe^rg'^thTpotential on the central 

et aL (17)). ^ vi +hp valve This causes it to con- 

• 4 . « Viicrh external quenching lesi&tancc 

ST.”?.;.. .—. .1 1..V. b... ...... »b 
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Fio. 3.22. A typical quenching 
circuit (Nchor-Harper). 
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non self-quenching counters, but it is not possible by this means to reduce 
the discharge time indefinitely since the positive ions formed in the 
initial ionizing event need time to diffuse to the cathode. By suitably 

adjusting the resistance of the grid 
leak, and the capacity of the grid and 
associated components, the recovery 
time of the circuit may be reduced to 
about IQ-'* sec. compared with lO'^sec. 
required for the discharge of a resistance- 
quenched counter to cease. 

A simpler method of terminating a 
Geiger discharge is to add a small quan¬ 
tity of a polyatomic organic vapour to 
the counter. The photons liberated in 
the discharge (which are the most likely 
cause of secondary electron emission) 
are absorbed by the polyatomic vapour, 
which in its excited state tends to dis¬ 
sociate rather than ionize or liberate 
secondary electrons by collision. In this way continuation of the dis¬ 
charge by secondary electrons is prevented and external resistance 
quenching is therefore unnecessary. Self-quenching counters are capable 
of much faster counting rates than resistance-quenched counters, al¬ 
though they have a finite lifetime of the order of 10®-l 0® counts, obtained 
when decomposition of the quenching gas becomes excessive (18). 

Almost any gas may be used in a counter, but oxygen, water vapour, 
etc., which form negative ions are undesirable, as the pulse time is 
unduly increased. The water vapour pressure in a counter should be 
kept below 2 mm. The rare gases are often used on account of their 
chemical stability, of which xenon and krypton are particularly chosen 
for y- or X-ray measurement (see below). As quenching gases, ethyl 
alcohol, diethyl ether, amyl acetate, and other polyatomic vapours 
have been suggested. By use of ammonia (which is regenerated in the 
counter) self-quenching counters have been made with a lifetime of 
more than 10^® counts (19). For most purposes a mixture of argon at 
about 10 cm. pressure with about 1 cm. pressure of ethyl alcohol is 
satisfactory and is used as the standard filling in many laboratories. 
For assaying radioactive gases special mixtures are often employed. 
Thus a mixture of carbon disulphide and dioxide (20) is a convenient 
counting gas for radioactive 
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The pressure of gas used in a counter is determined by its ionization 
characteristics. The pressure must be low enough for the counter to 
operate in the Geiger region with a reasonable applied potential but 
high enough for a reasonably long plateau to be obtained. Most counters 
are filled at sub-atmospheric pressure, but a mixture of helium and 
isobutane may be used satisfactorily at atmospheric pressure at an 



FIO. 3.23. Shape of pulses from a Geiger counter (solf-quenching). 


appued potential of about a thousand volts. For some purposes var a- 
tims of counting rate rvith temperature, beUeved to be caused by de¬ 
sorption of the polyatomic vapour from the walls of the counter, .s 
troLesome. Ethyl alcohol in particular 

hieh temperature coefficients (a few per cent, pel 10 C. use m te 
perature) and diethyl ether is better. Counters have been made con¬ 
taining bromine or chlorine as quenching agent (0-5 mm J 

. w,.. -J 

cient, and a very g fillings the low vapour pressure 

±(\^ r whereas with the more usual hUings tne lo^v y 

" Tll’e" time during which " 

ciently far from the „,eur even though the first 

its initial state, a seco ■ , , 3 -731 The time necessary 

pulse has not completely decayed (see F.g. 3.-3). 
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for full recovery of the counter is called the resolving time. If a second 
pulse is obtained within the resolving time, it will not be of full pulse 
height (as has been shown by Stever (22) by observation of the pulse 
height on an oscilloscope). Such a pulse will be counted only if the 
pulse amplitude is sufficiently high to operate the auxiliary electronic 
equipment. The time required for this, called the paralysis time of the 
circuit, determines the rate of counting possible without appreciable 
loss. It may be reduced by adjustment of the sensitivity of the asso¬ 
ciated electronic equipment, or by reducing the dead time of the counter 
by quenching. The latter has sometimes been reduced electronically 
(22) by applying a high negative polarity to the anode after every 
pulse so that the unneutralized positive ions have only a short distance 
to travel to the negatively charged central wire and the pulse is of 
shorter duration. The paralysis time of a counting assembly can seldom 
be made less than a few hundred microseconds, however, and it is 
necessary to apply connections for losses at high counting rates. If the 
paralysis time of the counting assembly is the same for every pulse 
recorded, the true counting rate sJq is related to the observed counting 
rate x. by the relation _ x,/(l-x,r). (3.3) 

where t is the paralysis time. This equation holds for Geiger counting 
assemblies operated with fixed paralysis times (during which the counter 
is dead) preset electronically to be greater than any likely time neces¬ 
sary for the counter to recover. It is true with fair accuracy for any 
type of counter when the counting rate is small enough for the interval 
between two pulses to be almost always greater than the resolving time 
of the counter. For counters which can be re-excited during their 
period of recovery by unrecorded ionizing events the equation 

Xi = (3.4) 

has been shown to hold. Other equations have been given for the 
operation of counters under different conditions (23), but in general 
these equations degenerate to equation (3.3) for relatively low counting 
rates and paralysis times. For paralysis times of a few hundred micro¬ 
seconds and counting rates less than 5,000 per minute, the counting 
losses are less than 5 per cent. The determination of the paralysis time 
of a counting assembly is discussed in Chapter VI and Experiment 2. 

B. Construction of Geiger-Muller counters 

Geiger—Muller counters vary enormously in size, shape, and design. 
They may be several feet long or only a few centimetres, cylindrical or 
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rectangular, or of other convenient shape, and made of glass or metal. 
They may be permanently gas-tight, or may be freshly filled each time 
they are used. In counters used to detect ^-particles a thin window 
is usuaUy incorporated in the wall to allow the particles to enter the 
active space of the counter. Alternatively if the counter is of suitable 
design, the source may be placed inside the counter, thus obviating 
the necessity of a window, y-rays are usuaUy sufficiently energetic to 
penetrate the walls of a Geiger-Muller counter rvithout any special 

Wherever possible the counter used should be robust and simple m 
design. The counter volume should always be made as small as con¬ 
venient since this affects the natural background count (obtained even 
in the absence of source) which is due in the main to electrons liberated 
by cosmic rays (see Libby (24)). The vertically projected area of the 
counter approximately determines the number of cosmic rays passing 
tCugL the counter,^and its vertical height the chance that these 
produce primary electrons. The natural background is thus roughly 
proportional to the volume of a counter over nude limits, and is abo 

ten counts per minute for a counter of 15-ml. volume. 

The matoial of which the counter is made should be as clean 

nossible and free from volatUe greases, solder, etc. It is also of ad- 
Lntage if the internal surfaces of metallic parts of the counter are 

ot brass, copper, a metal of high work function is desirable, 

(Ot (ow tooottoo) ."A 

"til f *f ■ f the central wire 

Some users recommend that it possiDie o 

should be electrically accessible from the exterior, -^ J. 

should be continued wit wire is led out of the counter, 

achieved. If only one end o le .. ^) should be fused on the 

a glass bead (approximately mn . -oduced by discharge from 

O.L ond, .o th.t .po*.,. ....nf Ld. ot 

,h, .„d ot tho wto, Th. poibl. (Pto- 

tungsten, or sometimes iron, and sh . 

ferably less than 0-2 mm. m diametei). The use oi 
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diameter unnecessarily reduces the potential gradient in the gas space 
and the external voltage necessary for operation in the Geiger region 
is thereby raised. 

With a metal envelope soft solder may be used on external joints 
although care is necessary to avoid contamination by flux. A low 
vapour-pressure wax is often preferred. The tungsten wire is usually 
supported on a glass-metal seal of the ‘Kovar* type. If the central 
wire is threaded from one end of the counter to the other, it must be 
taut before the final seal is made. Springs are sometimes incorporated 
into the envelope for this purpose. The case of the metal counter is 
usually the cathode, and provided this is clean, no special treatment 
is necessary. With glass counters it is usual to have a special cathode 
inside the envelope. This may be a separate cylinder of metal foil 
(silver, copper, nickel) or it may be a layer of ‘Aquadag’ (or colloidal 
graphite) sprayed or painted on the inside of the counter and in electrical 
contact with an external lead out of the counter. A modification due 
to Maze (25) which appears to be very successful is to put the cathode 
on the outside of the soda-glass envelope. This procedure has two 
advantages. It is much easier to construct the cathode and (owing to 
the high resistance of the glass) it is very difficult to raise the potential 
difference across the inside of the counter sufficiently high to give a 
continuous discharge. Counters of this type give extremely good per¬ 
formance and usually have Geiger regions much longer than obtained 
with other types, but they have large temperature coefficients due to 
the change in resistance of the glass with temperature. 

# 

Windows have been made of copper, aluminium or its alloys (e.g. 
Dural), or mica. In the case of glass counters the window may merely 
be a section of the wall which has been made thinner by glass-blowing. 
Copper windows cannot be obtained much thinner than about 20 
mg./cm.^ or aluminium less than 5 mg./cm.^ Below this thickness mica, 
Distrene, or nylon windows are used. The window should always be 
in tension as is normally obtained when the pressure inside the counter 
is below atmospheric. Very thin windows may contain pin-holes, which 
can be sealed by covering the surface with a thiri layer of a hard sealing- 
wax, although faulty windows should preferably be discarded. The 
window is usually sealed on to the envelope of the counter by a low 
vapour-pressure cement or w'ax. 

Very thin mica windows may be made by splitting the best clear 
sheet mica, and if necessary it is possible to obtain a thickness of ^ 
mg./cm.2 The technique used for mica-splitting is largely a question 
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of preference and manipulative skill, but the follo%ving methods have 
been suggested: 

(а) The mica may be split in layers with a clean needle, the layers 
being slowly drawn off the main body of the mica in turn. 

(б) A technique similar to the above but with the mica and needle 

immersed under water may be used. 

(c) The mica may be cleaved with flat triangular pieces of thin paper, 
the apices of wliich are rounded off and which are thick enough 
not to curl unduly when pressure is applied. If the mica is cleaved 
from opposite sides with two pieces of paper, these seldom meet 
and three layers of cleaved mica are usually obtained, the middle 
one of which is often extremely thin (26). 

The smaUer the window, the thinner it may be made mthout cob 
lapsing when the counter is evacuated. If a large thin 
necessary it must be supported internally on a grid of copper mth holes 
large enough to provide the maximum transmission vathout the ivmdow 
coUapsing The use of supporting grids may be avoided if the counter 
is filled iidth a mixture of helium and isobutane at atmospheric pressuie. 
and very thin mica ivindows may then be used without risk of 
The thickness of window required depends on the energy of 
eLtter trg measured. CoLers with a window thickness of a^bout 
2 mg /cm ^ are avaUable commerciaUy and these will transmit ^-P^icles 
of energy above about 01 MeV. although losses are greater than 20 
per cenf for ^-energies below 0-3 MeV. With energies greater than 0-6 

Lv a window of about 7 mg./cni.^ thickness 
In For very soft ^-emitters, such as »C (0-15 MeV) and 
windows of about i mg./cm.»- are necessary for 
transmission, although windows up to 2 mg./cm. may 

M^rlhl ctunte? h^^belf made and pumped out with a d^u^mn 
T. lentil a hard vacuum is retained, the filling gases are admitted, 
a helium-isobutane filling at atmospheric pressure the counter 

Lvelope is usuaUy flushed out with the gas 

n and after the permanent gas has been introduced abou 1 hour 

Souldte Iwed b^efore use (to allow time for 2" ;Sh !s 

It is convenient with some counters to have a tap foi lefill „ 
kept closed during counting. In general, however, this procedure is 
recommended, since the presence of volatile lubricatmg gieases o 
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tap tends to impair the operation of the counter and reduce its life 
If the filling-tube of the counter is sealed off from the pumping system 
this difficulty does not arise, although, of course, it is not so simple 
to refill the counter. 

When the counter has been filled it is often advisable to coat the 
outside with a little hard sealing wax, particularly if the envelope is 
made of glass. This seals any pin-holes and keeps out light, thus reduc¬ 
ing the photo-electric background of the counter. 


I Hsrd wax or 
solder sea! 


Tungstern wire 


G. Geometrical design of Geiger-Miiller counters 

Geiger-Miiller counters of ^videly differing geometrical shape are 
kno^vn and no doubt new types of special design will be made from 

time to time. The commonest type of counter 
commerciaUy (the ‘beU-jar’ or ‘end-on’ 

sea ! \ _ I \ so/derse3i counter) is shown in Fig. 3.24. It has a copper 

envelope across the mouth of which is a thin 
mica, aluminium, or copper window. The filling 
Tungsten wire tube is of metal and sealed off with hard wax 

^Copper or solder. The central wire is attached to the 
envelope envelope by use of a glass-metal seal. ‘BeU-jar’ 

bead^^ counters may also be made of glass (Fig. 3.26), 

— ^"^Wmdow ^ the window being of thinner glass. In this case 

Fig. 3.24. Metal ‘bell-jar’ the cathode may be either a concentric metal 
counter. cylinder or a thin deposit of graphite or sput¬ 

tered metal on the inside of the glass envelope. ‘BeU-jar’ counters 
are very convenient for general use and are easily supported so that 
the source may be simply presented to the window, which may, if 
necessary, be made thin enough for use with ^-emitters of very low 


Copper 

envelope 


Glass 

bead 


Window 


energy. 

Cylindrical counters are very common and were often used by early 
workers. Fig. 3.26 shows cylindrical glass counters with graphite or 
‘Aquadag’ cathodes. Cylindrical counters have been made from 3 cm. 
to several metres in length, but for laboratory work are usuaUy 10-15 
cm. long. For preference the diameter should be not more than one- 
third of the length, otherwise the symmetry of the electric field is 
disturbed and end effects become appreciable. Provided these condi¬ 
tions are satisfied, cylindrical counters in general have sUghtly flatter 
plateaux than counters of the ‘bell-jar’ type. Windows of glass with 
a thickness of less than 25 mg./cm.^ can be incorporated in glass counters 
only Avith difficulty even when the window is confined to a very small 
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area. Glass counters are therefore used in the mam for y-radiation and 
the more energetic ^-radiation only for which thin endows are un- 
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Fio 3.25. Glass ‘bcU-jar’ counter. The mica 
window is sealed with low-melting glass solder 
to a lead glass envelope or by wax or cement to 
a soft glass or Pyrox envelope. 
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Fig. 3.26 («). (b)- Cylindrical glass counters. 

necessary. With particles of ^;:;\,Lo.5ion 

the order of 35 per cent, or more of the 

waUs occurs with glass counters of the usual tjpe. l 
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however, glass counters with glass windows thin enough for counting 
a-particles have been used. More often glass counters may have alumi¬ 
nium windows, sealed on with a vacuum-tight wax. Some metal cylin¬ 
drical counters incorporating windows are shown in Fig. 3.27. Although 



Anode 

Edrth for 
casing 



Anode 

Ear^h for 
casing 


Anode 

Earth for 
casing 

c 

Fio. 3.27. Windows in cylindrical metal coun¬ 
ters: (a) unsupported windows; (6) windows 
supported by grid; (c) large wall area replaced 
by windows (supported by grids). 



the cross-section of the envelope of these counters is cylindrical, how¬ 
ever, there is no reason why it should not be rectangular if this is more 
convenient. 

A special use of glass counters for measuring the activity of liquids 
by direct immersion is described in Chapter VI. Counters are now 
made commercially in which the thickness of liquid layer surrounding 
the counter is fixed at 2 mm. by means of a glass sleeve, the total 
volume of liquid required being 6 or 10 ml. (27). Fig. 3.28 shows two 
counters of this type. Recently a design has been described in which 
the outer jacket is held to the counter by means of a ground joint, 
thus facilitating cleaning (28). Powdered solids may also be assayed 
in these counters by packing them into the annular space. 

It is necessary on occasions to measure the activity in a liquid while 
it i.s flowing. This may be done merely by leading the liquid past a 
counter. Suitable techniques are shown in Fig. 3.29. Counters are 
available, however, which incorporate such a flow system in the active 
space of the counter, as shown in Fig. 3.30. The optimum dimensions 
are dependent on the energy and nature of the radiation being measured 
(see Chap. VI). The wall thickness of the tubing carrying the liquid 
should be reduced as far as possible to cut do^vn absorption losses. 
Glass tubing can be made thin enough for measurement of the more 
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energetic radiation, and has the advantage that it is inert to most 
chemical attack, but if passing through the active space of a counter 
it should be coated vdth colloidal graphite (or Aquadag) to prevent 
accumulation of charge on the spiral which may cause spurious dis¬ 
charges. Thin nickel, aluminium, or platinum tube (less than lOmg./cm.* 
thick and diameter about 2 mm.) is made commercially and may be 



Fio. 3.30. Glass counter for Fic. 3.31. Winclowless demountable 

detecting the /3-activity of counter, 

flowing liquids. 


conveniently incorporated in a metal envelope. For the measurement 
of ^-particles of low energy in liquids the technique shown in Fig. 3.29 (a) 
is more satisfactory. The window covering the 20 mm. channel cut in 
a block of ‘Perspex’ is made of ‘Distrene’ of J mg./cm.^ thickness and 
sealed on with a suitable cement. This technique also has the advan¬ 
tage that the activity of the flowing liquid may be conveniently 
measured with a bell-jar counter which is presented to the ‘Distrene* 
window. 

When measuring low activities from solid or liquid samples or )3- 
radiation of very low energy, the counters described above may not 
be sufficiently sensitive either because the window thickness is not small 
enough or because the angle subtended by the counter window at the 
sample is not sufficiently large. There are two ways of reducing losses 
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due to the absorption in the window. The first is to mal.e the window 
very thin, and the second is to do away with the mndow altogether 
by placing the source to be measured inside the counter. The latter 

technique also has the advantage of increasing the solid angle 
Ibly A eounter such as shown in Fig. 3.31 is a convenient ivindowless 
counter, closed by rubber gaskets which are screwed when evaciia - 

ing and fiUing with the counter gas. Another counter of this t> pe has 
been described in which the sample is placed as a thin layer on the 
inside of a cylinder and is inserted within the counter m a fixed pos¬ 
tion (29). Although absorption losses may be reduced by spreading 




High voltage 
supply 


Fig. 3.32. Block diagram of Goiger assembly. 


, larire area of the cylinder, the counter is tedious to 

sample over ^ 8 difficulties of ^filling and mounting the source, 

may be mountea on brought in turn below a window- 

:r—"3”: •• ““'I""”” 

vdth a continuous gas counting as far as possible, 4,y 

.ri., .. a. TS,lZt .W ' yp. “•« 

counting IS sometimes utilized. A Chapter VI (see 

in absolute |3-counting is impract icable a convenient 

Fig. 6.19). W “'tTcouX is to use a ‘bell-jar’ 

method of mcreasing t le so 1 necessary to mount the 

-rption losses. 

D. Operation of a Gelger-Muller counter^^^^^^^^^ determined by its 

A Geiger-Muller counter is ^ ^ obtained using an 

characteristic curve, sho\\n g- pxilses from 

assembly diagi-ammatically ^ sometimes omitted, 

the counter are fed mto a pi P potential is raised untU the 

see p. 169) and thence into a scaler. The potent 
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starting voltage is reached, when the counter begins to operate. The 
counting rate then quickly rises to a more or less constant value and 
remains on the plateau for a voltage range about one-fifth of the value 
of the threshold voltage before the counter goes into continuous dis¬ 
charge. The plateau is never flat, but counters with plateau slopes of 
more than 0*1 per cent, of the counting rate per volt or with a plateau 
length less than 50 volts are not satisfactory, although they may be 
better after refilling. 

The determination of the characteristic curve is one of the simplest 
methods of ascertaining that the counter is operating satisfactorily. 
Other tests which may be applied are: 

(a) Investigation of statistics. As mentioned in Chapter II, the 
observed activity should obey certain statistical laws. If the statistics 
are not correct there is probably some systematic variation. The 
practical details of this method are given in Experiment 1. 

(b) Determination of a known half-life. Take a decay c\u*ve of a 
suitable radioactive substance (e.g. ^^^I of 24-99 min. half-life). If a 
reasonably straight line is not obtained, and particularly if wide devia¬ 
tions are found above counting rates of 1,000 per minute, it is probable 
that the counter is going ‘flat’ due to leakage, with a corresponding 
increase in the paralysis time (see Experiment 2). 

(c) Determination of background count. Measure the natural count¬ 
ing rate, keeping the counter well screened ^vith lead. If the background 
is unduly high and this cannot be traced to radioactive contamination 
or the background increases significantly with the applied voltage, the 
counter probably has poor performance characteristics. This may have 
been due to inadvertently applying a negative polarity to the central 
wire, thus causing disruption of the cathode. Unduly raising the poten¬ 
tial (with the correct polarity) so that the counter goes into continuous 
discharge also causes high background counts. It is therefore a wise 
precaution to raise the polarity very slowly the first time a counter is 
used, in case it has a short plateau which may be overlooked. 

As soon as a fault is discovered in a Geiger assembly, the E.H.T. 
lead should be disconnected from the counter, and the auxiliary appara¬ 
tus first tested (see Chap. IV). If one is quite sure that it is the counter 
which is at fault, a number of different tests may be applied. Below 
are some of the common faults in Geiger counters. It should be empha¬ 
sized, however, that all these effects may be caused by faults in the 
auxiliary apparatus, and experience shows that this is more likely to 
be the case. 
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Table 3.1 

Common Faults in Geiger Counters 
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Sympton*' 


Possible faults 


No counts at all. 


Abnormally high back' 
ground. 


No H.T. applied to counter or 
H.T. too low for Geiger re¬ 
gion. 

Counter ‘flat’ duo to leakage 
or decomposition of poly¬ 
atomic vapour. 

Counter not properly earthed. 
Disrupted electrodes duo to 
reversal of polarity. 
Contaminating radioactivity. 


Possible tests or remedies 


Test potential on central wire 
with electrostatic voltmeter. 

Evacuate and refill. 


Spasmodic fluctuations 
in background. 


Double and multiple 
counts observ'ed. 

Sudden burst of high 
counting rate, fol¬ 
lowed by complete 
cessation of counts. 


Temperature of counter too 
high. 

Photosensitivity. 

Variable external influences 
such as Tesla coUs in close 
proximity, or a source of 
highly penetrating radiation 
being used intermittently in 
region of counter. 

Counter nearing the end of its 

lifetime. 

H.T. fluctuating wildly. 

Bad H.T. or Geiger earth con¬ 
nexions. 

H T. drifting a little, and 
counter plateau extremely 
short. 

H.T. too high. 

Poor quenching. 


Background usually spasmo¬ 
dic. 

Cleon the lead housing or 
transfer the counter to new 
housing. (The activity may 
be on the counter itself, par¬ 
ticularly on the window.) 

Eliminate light from counter. 


Counter is probably dead. 


Measure H.T. 

Take characteristic curve. 

Take characteristic curve. 
Refill. 

Discard counter, or refill- 


E. Lead castles n « reieer-Muller counter 

The natural counting rate usuaUy reduced 

obtained even in the absence of a ra loa often called a ‘castle’, 

by enclosing the counter and source ® but if the back- 

This lessens the contribution o jmy tt may sometimes be 

ground of the meaLrement of absolute 

enhanced. Castles are usuaUy 
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made of lead, of the order of 2 in. thick, and may be either rectangular 
or cylindrical. They should be provided with suitable hooks or handles 
to facilitate transport, as they may weigh 100 lb. or more. Alterna¬ 
tively the whole structure may be demountable into smaller, more 
easily carried sections. The hinged door need not be larger than is 
necessary for inserting the sample beneath the counter, although easy 



installation of the counter should be possible by demounting the castle 
or by use of a larger door. A small hole should be left in the castle wall to 
allow entry of the E.H.T. lead, and if necessary an earth wire. As 
scattering of |8-particles increases with the atomic number of the scat- 
terer, it is customary to line the inside of the castle with alummium, 
Perspex, or similar material of low atomic weight. For the same reason 
the supports of the counter and source should be made of these 
materials, using as little as possible (to reduce scattering) consistent 
with rigidity. In particular, bulky constructional material in the proxi¬ 
mity of the counter ^^'indow should be avoided. To allow insertion of 
sources and absorbers at different heights, the counter support usually 
incorporates a simple shelf system. To avoid errors of positioning, good 
reproducibility should be ensured by careful construction. A typical 
castle suitable for assaying solid or small liquid samples is shown in 
Fig. 3.33. For some types of counter this design of castle may not be 
convenient, and castles of other shapes have been made. In some cases, 
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■where a castle of standard design is not available, suitable screening 
may be provided by construction of a castle with lead bricks. 

F. Electroscopes, electrometers, and proportional counters for 
measurement of ^-radiation 

The principles of operation of electroscopes and electrometers for 
measurmg 8-particles are the same as for a-particles. Because of the 
Cer specL ionizing power of ^-particles, the charge per particle ac¬ 
cumulating on the collecting plate of the ionization chamber of 



metres, but as it is nnpiacticab e to capacity (5-10 cm. from 

it is usual to use electroscopes of about lit P J i = 0158 

leaves to source). Bor particles of .Wfomchambers 

MeV), the average range in -ns about ^ 

or electroscopes which arc suitab shown in Fig. 3.34. 

A gold-leaf ifa thin window (usually 

The lower face or pait of one fi-paiticles enter the 

made of For"l^w-ener^“?-p-ticles it is necessary to arrange 

- —:d - ^ic ^p-^: ^ 

A sensitive Lauritsen type P-><^<=tr-°scopc i si ovm m g 
source, pushed into the electroscope f The 

of the hollow metal henuspheie o la u ■ 
method of operation of this instrument is the same as 
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Lauritsen a-electroscope, and it can be used for activities of about 
10,000 disintegrations per minute or more. Electroscopes in which the 
source is mounted outside the case may be conveniently used for the 
measurement of /3-particle absorption curves if shelves are incorporated. 
Electrometers such as described for the measurement of a-particles 


Slide Stop 


s.\] 


Mkcrcecope 



Slide 


Source Holder 


Fig. 3.35, /3-electroscope, 
{Reproduced l/y permteeion of Dr. H, Carmichael.) 


Quoriz 

Fibre 


may be used in conjunction with an ion-chamber for detecting /3- 
particles and y-rays and the same principles obtain as for electroscopes. 
Ion-chambers and electroscopes may be used to measure a-particle in¬ 
tensities in the presence of j3-particles if the latter are not too numerous. 
Electrometers are now available which are sensitive enough to be used 
in conjunction ^vith an ion-chamber as an alternative technique to 
Geiger—Muller counters for /3-detection. This method is particularly 
useful in the measurement of /S-emitters of low energy ( 31 ). 

Ionization chambers are sometimes employed for assay of j8-radia- 
tion, but proportional counters are more satisfactory. The latter are 
used as in a-counting (see p. 134), although a higher applied potential 
is usually necessary for measurement of j8-radiation. Since most pro¬ 
portional counters have paralysis times of a few microseconds it is 
possible to measure extremely fast counting rates (say 10® counts/min.), 
with a correction for coincidence losses of a few per cent, only, an 
advantage over Geiger—Muller counters which have longer resolving 
times. Another advantage is that it is relatively simple to use a 
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proportional counter at atmospheric pressure. This enables the source 
to be easily introduced into the counter, with consequent increase in the 
efficiency of counting and reduction of external absorption. If the deter¬ 
mination of absorption curves is necessary, the proportional counter 
can be made in the ‘bell-iar’ form, and since there is no pressure exerted 
on the window, a very thin one may be used (say 0-5 mg./cm.^ or less). 
In gas-flow proportional counters (see Fig. 3.18) decomposdion o 
quenching gas such as occurs in Geiger counters is no problem. The lite- 
time of a proportional counter is therefore effectively infinite and theie 
is no change of plateau slope. Hysteresis effects, such as obtained i 
Geiger counters (see p. 56), are also reported to be neghpble. Follow 
ing from these advantages, proportional counters are thus useful for 
work in which long-term stability and high accuracy are required. 
Disadvantages are the necessity for maintaining gas cylinders and a 
good high-frequency amplifier in working order. 


4. Measurement of y-RAuiATioN 
The methods used for the measurement of y-radiation are very similar 
to those used for ^-particles. In general it is not necessary to provide 
windows since y-rays are much more penetrating than ^-particles. On y 
a small proportion of the y-rays passing through a gas cause 
in the volume of a counter, but further ionization is caused by the 

liberation of /3-particles from the walls of the counter by t le _ 

Section a^ianches are thus initiated and a measure is obtained of 
Election ax a of y-rays by means of the secondary 

electrons liberated in a Geiger-Muller counter is not an efficient ^cess^ 
Tn a counter with walls of low atomic number (e.g. biass) they a 
detected in general with an efficiency (expressed as h-° j y 

ionization becomes greater (32). measurement of 

The electroscope can also be successfu y ■ adopted for this 

.™„. The effieiene, »'f“^le. 

is many tunes greater than yf,»hthalene or anthracene have 

attractive. Large thick crystals of , eent. or 

been employed with an efficiency of yuay detect on of P 

more, but these are less satisfactory than sodium iodide cry 
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A. Geiger-Miiller counters 

Since the method of measurement and principles of operation of the 
Geiger-Muller counter and the electroscope are the same for y-rays as 
for ^“particles it is only necessary to describe here the physical design 
of instruments which may be used for counting. All counters suitable 
for measurement of j8-particles may be used to detect y-rays, but except 
in the case of y-rays of very low energy (in the X-ray region) the design 
may, if desired, be somewhat cruder, since thin windows are unneces¬ 
sary. If y-rays only are to be measured in the presence of /8-particles, 
the vindow or counter wall may be made thick enough to prevent the 
^-particles penetrating into the counter, or with windowed counters, 
external absorbers may be used for the same purposes. Two millimetres 
of brass is adequate to prevent the penetration of most /3-particles of 
energy less than 2 MeV. 

Any alteration in the design of a counter which produces more 
secondary electrons will increase the efficiency of y-counting. One way 
of accomplishing this is to increase the dimensions of the counter. The 
probability of obtaining secondary electrons from the walls is thereby 
increased, although the increase in volume also causes an increase in 
the background count which may become prohibitively large. Another 
method is to make the envelope of the counter and the cathode of 
materials which are likely to absorb the y-rays more efficiently, e.g. 
metals of high atomic weight. It is, of course, necessary that the counter 
material shall not be subject to chemical attack by decomposition 
products of the counter gas, and this limits the number of convenient 
constructional materials. A lead, platinum, silver, or gold mesh (some¬ 
times in the form of a spiral to increase secondary electron production 
(33)) may be used for the cathode. Typical efficiencies (34) are given 
in Table 3.2. Unfortunately the y-counting efficiency is not increased 
by more than a factor of 2-3 by this means. The use of higher atomic 
weight counter gases has been reported for counting X-rays and a four¬ 
fold increase in efficiency using krypton instead of argon was ob¬ 
served (33). 

For some isotopes which emit electromagnetic radiation of low energy 
(e.g. “®Fe, X-ray energy = G-5 KeV) a thin windowed counter is neces¬ 
sary since the absorption of such soft radiation in aluminium is com¬ 
parable with that of /3-particles. Beryllium or aluminium absorbers are 
used instead of lead for characterizing the radiation in this case. The 
use and detection of ®®Fe has been described by Copp and Green¬ 
berg (35). 
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Table 3.2 

y-Sensitivities of various Cathode Matenals in Geiger-Muller 

Counters 

(Efficiencies compared with a commerci^ gloM-counter mcorpor g 
' ‘Aquadag cathode.) 



' ' aU'WeteTed by means of an ionization chamber and 

y-rays may also be detect y fl.particles. If the y-ray 

an associated electrometer as m the case Pj ionization 

of production of ^ disadvantage in detecting 

low energy (lo)) tHeemcie y oAvAnta^e over other types of 

used for tte ^ LTeLmbered, however, that proportional 

ry"-r.s.™r.r»’;xr .o 

activities are being measured. 

*»r 


6197 
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Fig. 3.36. y-electroscope. 
(Reproduced bj/ permisBion of I>r. B. Carmichael.') 


5. Detection and Measurement of 
Neutron Intensities 

It is not often that a radiochemist is called upon to estimate the 
intensity of a neutron flux, but it may be necessary for the determina¬ 
tion of the yields of radioactive material produced by neutron capture 
reactions. Although methods are available for the direct measurement 
of fluxes of fast neutrons (36) (e.g. from the recoil-protons obtained in 
a proportional counter containing hydrogen), it is simpler to slow the 
neutrons down to thermal velocities when they are more easily absorbed 
by matter and cause secondary events (nuclear disintegration, etc.) 
which are more readily detected. Neutrons may be slowed down most 
efficiently by collision with hydrogen or other light atoms, and it is 
common to use parafiin-wax, water, and other hydrogenous materials 


163 


MEASUREMENT OF NEUTRONS 

for this purpose. From the observed flux of thermal neutrons a rough 
estimate may be made of the fast neutron flux emitted by the source, 
although an exact value of the latter requires a number of coirections 
to be made for loss of neutrons by absorption, scattering, etc. The two 
methods described below are suitable for the determination of neutron 
fluxes to an order of magnitude. The first method is g^ven m oiitlme 
only and reference should be made elsewhere (1-5) for practical details 
of this method and for other techniques which may be used (e.g. t e 

fission chamber). 


A. Boron chambers , 

The use of boron-containing compounds for detecting neutrons d - 

pends on the reaction _> ^He+’Li. 

Since the eapture cross-section of ‘»B atoms is large, this reaction is 
very suitable for determining neutron fluxes. The 

and Uthium atom are sufficiently energetic to lomze gases can ^ 
detected in a counter operating in the proportional ® 

oTt2 type, often called boron counters, are usually " 

design and filled ^vith boron trifluoride gas and argon. Owing to the 
chei^cal reactivity of boron trifluoride, the cathode is often made^of 
1 J-* rtifVfc/MirrVi TiiciV a»lso 1)6 us6d, it ra/picUy 

Lrr“-resistant when a protective layer of corrosion P™du J has 
^n\A Hn^vn To avoid the use of boron tnfiuonde anothei type ol 

neutrons is proportional to the flux. 

Ti r'anture of neutrons by irradiated foils „ i. • o 

tSuti on fluxes are often estimated by absorption of neutrons in a 
suSbre^ement. If an element is irradiated in a flux / of neutrons, 

the activity is given by 


m- 


(3.5) 


N is the number of atoms of the neutron-captuiing isotope and 
number of active atoms of the nuideus present 

general (Ab)o Hence, since o, A^, and t 
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f may be determined. If t is large by comparison with the half-life of 
the product nucleus, the resulting activity is given by 




Equation (3.5) is true for neutrons of any energy, provided the cap¬ 
ture cross-section (a) refers to the appropriate energy. In general, 
however, one is interested in thermal neutron fluxes only, which have 
an energy given by ^ ^ ^ 


where m is the mass of the neutron, V is its velocity, k is the gas constant, 
and T the absolute temperature. From this equation it can be shown 
that at 20° C. the energy of neutrons in thermal equilibrium with their 
surrounds is about 0 025 eV. 

Several elements of reasonably high capture cross-section are suitable 
for estimating the thermal neutron flux by use of equation (3.5). 
Should there be neutrons of higher energy present, an error may be 
introduced by assuming the thermal neutron capture cross-section for 
non-thermal neutrons instead of that of the appropriate energy. This 
is avoided by use of a capturing element for which the capture cross- 
section is proportional to l/V (see Chap. II), when the resulting activity 
will be independent of the neutron density and the flux estimated will 
be that which would be obtained if all the neutrons were of thermal 
velocities. For absorbers not obeying the 1/F law, the neutrons of 
higher energy make a contribution which weights the flux in favour of 
one particular velocity range. A number of commonly used materials 
are given in Table 3.3 together with the relevant radiochemical data. 


Table 3.3 


Suitable Elements for Neuiron-cajpluring Experiments 



Elemental capture cross- 





section for thermal 


Elemental capture 



neutrons (= isotopic 

Resonartce 

cross-section for 

Half-life of 


capture cross-section X 

energy 

neutrons of 

resuUing 

Element 

abundance) 

{eV) 

resonance energy 

radiation 

Dysprosium 

861 

1*75 and 5-6 

1 350 and 39'5 

145 min. 

Gold . 

93-8 

4-8 

2,700 

2*7 days 

Indium 

137 

1-44 

26,400 

54 min. 

Iodine 

6-85 

2-0 and 40 

20-8 and 39-5 

24*99 min. 

Manganese . 

12-8 

250 

180 

2*59 min. 

A 

Rhodium . 

131 

1-3 

1,800 

43 sec. and 





4*4 min. 

Silver 

56 

5-8 

510 

24 sec. and 





2*3 min. 
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For preference tlie material chosen should have only one isotope of 
high capture cross-section, thus giving substantiaUy one aet.vity only 
which should emit easUy detectable radiation. The half-life of the 
emitter obtained should be long enough to allow time for measurement 
before it decays, but very long half-lives have the ^sadvantage that 
large activities can be obtained only after prolonged irradiation; also 
a iLg period of decay is necessary before the material can be used fo 

further neutron absorption experiments. r •, r fUioU 

The neutron absorber is frequently irradiated as a thin fed ^ ^ 

ness about i mm. or less. An alternative nerman- 

cases is to irradiate a solution of the element (e.g. iodide (37), perman 

eanate etc) and to isolate it as a precipitate (e.g. as silvei lodid 
manganese dioxide, etc.) which may then be mounted ready for count¬ 
ing In estimating the disintegration rate from the activity “^served 
ivhh say a Geiger-Miiller counter, care must be taken to ensure tha 
the mai^itude of errors due to absorption losses, back-scattering e . 
r. he estimated The geometrical efficiency of the counting assemb y 

r tL Ot a. .oa.l.y u..„« 

* no nf hnavm activity must also be determined (see Chap. M). 

SiSi™ oon.id«.«lon. .pply It “ raployd “ 

th. .ettaty. „n»deraWy .Bmd by introdbotlon 

SHrbr ;rL-:=rr= 

both cases, eri assumed for the neutron capture cross- 

b-A p'-"^ •'*= 

:““=t=:S=£5S: 

for neutron energies below ^ the capture cross- 

St:;— 

.b..».d bo d.. .i™. 
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entirely to neutrons of resonance energy if these are present in sub¬ 
stantial numbers. Elements of this tjrpe are often used to estimate the 
density of more energetic neutrons. Eor this reason it is better in cases 
where there arc likely to be any non-thermal neutrons to use an element 
such as dysprosium which has a very high thermal capture cross-section 
compared with that of the resonance energy. 

When an assessment of the number of thermal and higher energy 
neutrons is required, the cadmium difference method may be used. 
An absorber such as rhodium is irradiated in a cadmium container, 
which absorbs almost all thermal neutrons, since cadmium has a high 
resonance capture cross-section in the thermal region (O-Ol-O-l eV). 
The activity of the rhodium will then be due almost entirely to neutrons 
of its resonance energy. By irradiating the same absorber without a 
cadmium screen the thermal neutron flux may be estimated from the 
difference in activity obtained in the two types of irradiation. 
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IV 

AUXILIARY ELECTRONIC EQUIPMENT 


From the previous chapter it will be appreciated that the successful 
measurement of nuclear radiation is often dependent on the reliable 
operation of auxiliary electronic apparatus. It is the purpose of this 
chapter to discuss in outline the principles of design of electronic appa¬ 
ratus required in radioactive measurement and the precautions which 
should be observed in operation. The electroscope and the electrometer 
are simple enough to require no further discussion here, and attention 
will be confined to equipment used in conjunction with scintillation 
counters, ionization chambers, Geiger-Muller and proportional counters. 
In some cases the choice of a technique of measurement is predomi¬ 
nantly determined by the reliability and complexity of the auxiliary 
equipment available. Thus, although the decade scaling unit (see 
p. 173) simplifies arithmetic, it is electronically more complicated than 
a unit using scales of 8, 16, 32, etc. Many workers therefore prefer the 
latter type of scaler, or even a counting rate-meter which is simpler in 
design and more reliable in operation (although accuracy is to some 
extent sacrificed). 

The equipment necessary for a typical j8-counting assembly (see Fig. 
3.32) will be considered first. The essential components are a power 
supply and a scaling unit to facilitate counting of the pulses from the 
Geiger tube. The pre-amplifier shown in Fig. 3.32 is not essential unless 
the voltage pulse from the counter is too small to actuate the scaler 
without amplification. About 5 volts at the input is usually necessary. 
The amplitude (at the scaler) of an unamplified pulse from a Geiger- 
Muller counter depends on factors such as the length and capacity of 
the leads and the size of the counter. 

In the absence of a pre-amplifier, the counter should be connected 
to the scaler and power supply by means of a series resistance and 
coupling condenser as shown in Fig. 4.1 so that the scaler has no direct 
path to the high-voltage supply. This prevents the possibility of a high 
potential being, applied to the components of the scaler input circuit. 
The condenser in this part of the assembly must be suitable for use 
up to an applied potential of about 5 kV. 

Although this dispenses with the use of a pre-amplifier, it is not 
entirely satisfactory. The leads must be as short as possible to keep 
the capacity of the assembly low and there is also the possibility of loss 
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of pulses f of t^r Geiger 
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To scaling 
unit 
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r^w TT H T scaling unit and counter. 

Fio. 4 L Connexions for E.H.I., scaui y 

A 4 - avnid risk of spurious pulses (e.g. produced 

t ^ne -u J.) t^e 

".rrr;e" ^ ail.; on to the hacu of the lead castle (see 

Fig. 3.33). 

A. Pre-amplifier unit a.Tnoli6er is suitable for use as a 

Almost any simple type of v need not be Unear 

‘probe unit’ and a sing e s age ® ^ variable resistance to be 

is usually satUfactory. adjusted to a 

incorporated in the ou pu scaling unit at the minimum applied 

value just sufficient to actuate th g 

potential for the counter to operate m be 

! gain is used spurious Pf-^^^^f^J^rCsuch as that shouur in Fig. 
amplified and recor e ■ the condenser in the pow er 

4.2) a second condenser (Cj) • influencing the giid of 

supply (C,) prevents leakage ^ ^ ^ incorporated in the power 

the amplifying valve and a An amplifier of this 

lead to prevent continuous arcing of j ,elt, .vhich 

type should be capable of accep ^ g P^J obtained from a Geiger-Muller 
is the smallest output pulse h v > p j^es will be amplified to 
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be of sufficient amplitude to saturate the amplifier, so that output pulses 
of constant amplitude are fed into the scaler. The polarity of pulses 
obtained from such an amplifier will be positive and it should therefore 
be used only with scaling units which accept this polarity. Scalers which 
accept negative polarity often operate with such pre-amplifiers on account 



of a small negative ‘overshoot’ pulse sometimes obtained during 
amplification, but this practice should be avoided. 

Pre-amplifiers such as that shown in Fig. 4.2 have no effect on the 
time (t) during which the counter is insensitive to radiation, which 
varies to some extent with the counting rate and the applied voltage 
(see p. 143). If an accurate correction for coincidence losses is necessary 
(using equations (3.3) or (3.4)) the value of t must be constant and 
kno'wn. This is often accomplished by applying a predetermined dead 
time to the counter which is longer than any natural counter dead time, 
by means of a circuit such as that shown in Fig. 4.3. In principle this 
isasimple ‘flip-flop’ circuit, which has two stable states (3, 6). Normally 
the valve [A] is conducting and valve (B) is cut off by a negative bias 
on the grid. Arrival of a negative pulse at the grid of the valve (A) 
causes the current flow to cease, and a positive pulse passes to the grid 
of valve (B), which therefore becomes conducting. The amplified 
negative pulse arising from the plate of valve {B) is then fed back on 
to the gi’id of valve {A) and the central wire of the Geiger counter, the 
potential of which falls by 200—300 volts, so that counting in the Geiger 
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region ceases. The circuit remains in this state until the charge on 
grid of valve (4) has leaked away m a time dependmg 
ff the resistances and condenser capacities of the 

live (A) again begins to conduct, the system becomes ™ 

(B) ceases to conduct, and the original state ^ 

sqlre wave pulse is therefore obtained at the anode of valve (B). causing 



the counter to H part of the 

operate a scalin^ u . „„j.denser and resistance in series to earth), 

tiating chcuit (essentially being used to actuate the 

the change in potential of the ^.n^iicli as shoivn in Fig. 

Th. difle,«.»l.a on. of »M.l. 

...of. 

s‘ roLti- r --tSoSfriS 

common in pre-amplifiers are given m Table 4.1. 
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Fig. 4.4. Pulse produced by a differentiating circuit. 

Table 4.1 

Possible Faults in Pre-amplifying Units 

Possible faults 

Power supply, H.T., etc., not 
being fed to counter. Short cir¬ 
cuit in input plug or elsewhere 
in H.T. line. 


Amplifying valve inoperative. 

Breakdown in components of cir¬ 
cuit. 

Input plug faulty (terminal dirty). 

Condenser leakage. 

Paralysis time circuit faulty. 

Amplifying valve near the end of 
its life. 

Low impedance in external cir¬ 
cuit. 

B. Scaling unit 

A scaling unit is a device for counting the number of voltage pulses 
in an external circuit (initiating, for instance, from a Geiger counter 
or pulse ionization chamber). Mechanical scaling units (activated 
electromagnetically) have been used (7), with resolving times of the 
order of 10“^ sec. which are satisfactory for low counting rates. For 
high counting rates shorter resolving times are desirable and electronic 
methods are now almost universally employed (7). 

Most electronic scaling units depend on the operation of a ‘scale-of- 


Test or possible remedy 


Intermittently touch input ter¬ 
minal with insulated conductor. 
If amplifier is inoperative no 
pulses will be obtained on scaler. 

Check E.H.T. connexions ; a fault 
in the series resistance to the 
Geiger counter is often a cause 
of pre-amplifier failure. 

Replace. 


Clean terminal with alcohol or 
ether. 


Replace. 


Sym ptom 

Pre-amplifier 

inoperative 


Spurious pulses 


Low gain 
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.W wbioh .»ploy .in““ 

( 10 ). A typical circuit sho^vn ^ J'througk a double diode 

'■ wSTit ”g.”°v^ p.i~ -» •» '■■> “ •” 

® + 



valve (B), which will therefore cease to J^roTvalvT (Z)). 

thus pass from the ® ,vUl then he in a stable 

through which current ^vdl • negative pulse arrives at 

state in which it unH original state. The large negative 

(C), when the chcuit will (Z))%ien this valve conducts) is 

pulse obtained at the p ate of va W 1 ^ 

Led to actuate a ^Lultg Iniimber of such scales-of- 

required to give one output ^ f actuate a recorder for 

two it is possible to obtain an “"‘^s Before the first scale-of-two 

every 4, 8, 32, 64. 128, etc., ‘I^P.L.LLimilar to that shoivn in Big- 4.5) 

circuit, an auxiliary ‘flip-flop circu ( enables 

is often incorporated TterLict (L eitler polarity) to be 

pulses of predetermined ‘^^'“‘^"LTalso provides some amplification. 

r pT*;i‘r r:; 

test the operation of the consists of a series of scales-of- 

In its more usual form ^ scaling ^ ^ of 

two in which visual ftaL The number of pulses fed into 

t = sSf^rt:L^nedW the number and position of 
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the stages in which current flows. Scales of 8. 16, and 32 were usual ’ 
most of the early types of scaUng unit, but a type now in common u^ 
IS designed on an electronic scale of 10, obtained by using a scale of 8 
and feeding the ninth pulse back via the last stage to operate the fir I 
stage a second time. The tenth pulse then completes the first scale-of- 
two again and passes to a second scale-of-ten, which finally actuates 
a G.P.O. call-meter when completed (i.e. at the hundredth pulse! 
Visual indication of counts from 0 to 99 is given by the use of neo^* 
lamps. Arithmetic is thus simplified in this type of scaling unit com” 
pared with one based on a scale of 16, 32, 64, etc. 

Scaling units are usually mains operated and some have E.H.T units 
to supply the counter built into the same chassis. Numerous other 
additions to the fundamental circuit have also been made to increase 
utility, but it is not necessary for a simple scaler to incorporate any 

of these modifications for successful operation. The following facilities 
are nevertheless useful for some purposes: 

(а) A reset button, which clears the scales ready for operation, thus 
reducing arithmetical labour. 

(б) An output line, so that pulses from the highest scale may be fed 
into recording apparatus or into a second scaler (thus increasing 
the rate at which counting may be observed). 

(c) The choice of a fixed paralysis time, pre-set electronically, which 
may be used in some cases with Geiger-Miiller counters, or cut¬ 
out if not required (e.g. when the scaler is used with a ‘fast’ 
ionization chamber; see p. 121). 

id) Self-test pulses, generated electronicaUy within the scaler with 

which to test the operation of the scales. If not incorporated in 

the chassis, an external pulse generator may be used for this 
purpose. 

(e) Monitoring points for use with an oscilloscope with which the 
characteristics of the input and output pulses may be observed. 

(/) External terminals connected to various parts of the scaling 
circuit, for use in conjunction with other apparatus, such as 
automatic recorders, etc. 

Before using a scaler for the first time, tappings of the transformer 
should be adjusted to suit the mains voltage available, so as to give 
the correct voltage supply for the scaling circuit and any external 
apparatus (such as a pre-amplifier) which operates from the same 
transformer. If possible the correct operation of the scaling circuit 
should then be tested with a pulse generator. 
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If a scaler or pre-amplifier with an electronically controlled paralysis 
tile is utr^th a G^iger-MuUer counter, the paralysis time should 
be set so that it is longer than the dead time of the Geiger countei. 
With large paralysis times (say 400 microsec. upwards), osses ' 

inn rate are relatively high when the counting rate is large, but i y 
he estimated reasonably weU if the paralysis time is 

The resolving time of a scaling unit without any 

oiw of the order of a few microseconds. Such a scaler can be used 

'issssssrtsi 

Ts often limited by the mechanical parts of the scaler (e.g. a G.P.O. 
"2;aling units are used in 

times ot the oraei oi a ^ + 1 ,^ onnlv<>is time is ui any case 

very large corrections are it one of several 

If the scaler does not enumerates some of the 

faults may be the cause. either as part of a typical 

common faults in operatmg e sea chamber or proportional 

assembly or in conjunction wit ' . instrument in the assembly 

counter. The scaling unit may be ^Y/nl anv counts obtained from 
on which visual observation is iWe, miy -u^ 

re"fornotrP-n?r“^^ the only indication of faulty 

operation. 

r- mho multi-electrode cold cathode scaling tube 

A new type of scaling unit '^r^higle We ("see Fig. 

ei.di.rg. normally J'j ,„d „ooml gnide.l. IH1'* 
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Table 4.2. Possible Faults in Scaling Units 



Associated 


--- - - 

Symptom 

instrument 

Possible faults 

Test or possible remsAfi 

No counts 

A 

No pulses received by 
scaler. 

Disconnect coimtor ^ 
chamber and intermit- 




tently earth input ter- 
mmals. Counts are ob- 
tained if scaler is operatinir 
satisfactorily. * 




Pre-aroplifier may be in- 




operative* 


A 

Scaling circuit faulty. 

Test with pulse generator 


I or P 

Discriminator voltage 

Reduce voltage. 



too high. 


A 

No E.H.T. supplied to 

No pulses observable on 



chamber. 

oscilloscope. Measure 

voltage on chamber with 


G 


electrostatio voltmeter. 


Voltage below threshold 

Raise E.H.T and redeter- 



for operation in Geiger 
region. 

mine characteristic curve. 


G 

Fault in Geiger counter. 

See Table 3.1. 


G 

Pulse amplitude not 

Amplify pulses. 



large enough to operate 
scaler. 


Double counts 

G 

Geiger fault. 

See Table 3.1. 

Erratic or 

A 

1 

Electrical breakdown in 

See Tables 4.1 and 4.3. 

spurious counts 

1 

1 

E.H.T. leads. 

1 

I 

Vibration of ion- 

Mount on antimicrophonic 


G 

chamber. 

support. 


Fault in Geiger counter. 

See Table 3.1. 


G 

Oscillation in pre-ampli¬ 

Replace. 



fier valve. 


A 

Pick-up in leads due to 

Locate source of disturb¬ 



inadequate electrical 
shielding (e.g. from 
Tesla coils). 

ance. 

Permanent indica¬ 

A 

Valve associated with 

Replace. 

tion of a given 
scaling stage 


this stage inoperative. 



A 

Breakdown of a resistor 

Replace. 



or condenser. 

High counting rate 

I or P 

Discriminator bias too 

No pulses (except for 

in absence of 


low. 

* noise’) observed on os¬ 

source 

I or P 

Contaminating activity. 

cilloscope. 

a-pulses can be observed 




on oscilloscope in absence 
of source. Clean chamber. 


G 

♦ » >9 

See Table 3.1. 


A 

Breakdown of a con¬ 

Possibly due to overheat¬ 



denser. 

ing. 


G 

Fault in Geiger counter. 

See Table 3.1. 

Lower counting 

A 

Valve of first stage 

Replace valve. 

rates than 
expected- 

* 

faulty. 



A = All counting insti*uments. 
I = Pulse ionization chamber. 


P = Proportional counter. 
G = Geiger—Muller coxmter. 
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for i miUiseo.) by a pulse initiated by the discharge in the Geiger 
counter, the discharge will leave the cathode (A) and strike the elec¬ 
trode (B) on the first guide. As the potential of the latter returns o 
its normal value, the potential of the second guide is reduced below 
the cathode potential hy an associated electronic circuit for 
and the discharge passes on to (C) on the second gui e ra er 



reverting to the cathode (A). Subsequently when the 
^ ® to its normal value, the discharge strikes the next 

^Vhen ten Geiger pulses have been received and the dis- 
cathod ( )• . j the tube an output pulse is fed into the next 

charge has passed^ound^ obtained with a resolving 

of" millisec An advantage of this tube over multivalve scaling 
t ! thl"11 has a low power consumption. Such tubes are now made 
Tn tL United Kingdom and it is lUcely that they ^^■ill be extensively 
used in the future, especially if the resolving time can be reduce . 


an ionization ^ the output potential being stabi- 

ra,'.* in.- V—.n -- 

pown'V*- M».t pnn-..- V-*‘ 


51&7 
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a circuit which produces the D.C. potential and a voltage stabilizer 
Voltage-supply circuits can be made for stabilizing high voltages at 
low current consumption, or for smaller voltages at a relatively high 
current consumption, but it is not usual for one circuit to satisfy both 
conditions. With Geiger and scintillation counters a voltage stability 
of il per cent, is usually adequate, although for counting to high 
accuracy a variation smaller than per cent, may be necessary. 

With proportional counters the required stability depends on the 
counter geometry and the gas filling. A variation of less than 
3^01 per cent, is preferable, especially when methane is used as the 
counter gas. 

Suitable power packs with positive or negative polarities up to 4 kV 
for use with Geiger counters, proportional counters, and ion-chambers 
are made commercially, the voltage fluctuations being less than 1 per 
cent, (in some designs less than 0*1 per cent.) for mains voltage varia¬ 
tions within the limits stated. These are also suitable for use with ion- 
chambers, but stability of the potential over a long period of time is 
not so important in this case, since saturation currents are obtained 
over quite wide ranges of potential. Although fairly good voltage 
stabilization may be achieved, there is usually a certain amount of 
voltage ‘ripple’ (i.e. a constant frequency variation) of the order of 
0*5 volt or less caused by the 50-cycle A.C. mains and other systematic 
mains variations. Such ripple is troublesome in a-measurement with 
an ionization chamber, since it may be large enough when amplified to 
pass the discriminating unit. Additional filter circuits are then neces¬ 
sary to bring this fluctuation do\vn to the order of a few millivolts. 

A single power pack may be used to supply E.H.T. to counters by 
use of a series of potentiometers in parallel, with consequent saving of 
space. In such cases care should be taken not to di’aw more current 
than will allow of the potential remaining stable. 

Two practical points should be remembered in the operation of power 
packs: 

(а) The external potential supply (E.H.T.) should not be s^vitched 
on until the heater current in the valves has been passing for a 
time (about I min.) sufficient to enable them to become operative. 
Similarly the E.H.T, should be switched off before the main 
current supply. Failure to observe these details results in ex¬ 
cessive cun’ent surges through the valves. 

(б) The potentials developed by most power packs are high and care 
should be taken to avoid touching the live electrodes of Geiger 
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counters, ionization chambers, etc. When changing the polarity 
of the power supply, the power pack should always be switche 

As ^vith scaling units, adjustment of the transformer t-lW 
suit the mains voltage is necessary before use, and the ' 

should also he ehecked by one of the convenUonal "-f 
use of an electrostatic voltmeter). Faults in 

observed as erratic behaviour of the scaler, and Table 4.3 gnes so 
of the more commonly observed symptoms. 

Table 4.3 
Faults in Power Packs 


Fault in power 
pack 


Symptom in scaler 


H.T. pulses. 


Potential too low. 


Widely fluctuating 
potential. 


Erratic counting, even when 
Geiger counter or ionization 
chamber is isolated from 

E H T* 

Low counting rate, or no counts 

at all. 

Very erratic counting. 


Breakdown in condensers, etc., 
or in external lends. 

One or more valves may be 
faulty, e.g. due to low emis- 

sivity of filament. 

Breakdown in stabilising valve 
or transformer. Leakage across 
condenser. A faulty switch 
may bo causing variable resist- 

1 anco in circuit. 


sssiiigiis 

Outage If'th'ftLing unit can be adapted to measux. the tone reepured 
duration is reproducible and accurate. 

^ ... .vHh G.lg„ 

des.rib«l. In /3-couiitmg .pern,, the scnlmg 
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requiring the use of an amplifier, it is essential that the amplitudes of 
the amplified pulses shall be in direct proportion to those of the original 
pulses—i.e. the amplifier response must be ‘linear\ Almost all ampli¬ 
fiers give a non-linear response if the pulse amplitude or the amplifica¬ 
tion is increased too far and many amplifiers reach this state at a pulse 
amplitude too small to allow of accurate a-counting. The construction 


Fio. 4.7. Basic ampliBor circuit. 

of a reliable linear amplifier is a matter of great complexity and for 
details reference should be made elsewhere (1). This discussion will be 
confined to the possible errors and difficulties which may be encountered 
in the use of an amplifier and will be concerned with general principles 
only. 

Whether a given pulse will be amplified or not depends on its duration 
and its relation to the time constant of the amplifier. If the pulse is of 
very long duration it may not be amplified at all. This may be seen 
from a consideration of the basic amplifier circuit shown in Fig. 4.7, 
which represents two amplification stages. If a pulse is fed into the 
first valve (A) the amplified pulse will charge the condenser (C), and 
if the resistance (Q) is large enough will pass on to the second valve 
(.B) for further amplification. If the input pulse should be of long 
duration compared with the time constant QC, the charge on the con¬ 
denser (O) will leak away as fast as it arrives, and therefore no pulse 
will be passed on to the second valve. By adjusting the values of O 
and C a lower limit may be set to the pulse frequency which will be 
amplified. It is usual for this lower limit to be above 10^ cycles per 
second so that all low-frequency variations {e.g. mains ripples) are not 
amplified. The higher frequency limit to the amplifier is determined 
by the natural capacities of the valves and their plate resistors, although 
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an externally determined high-frequency limit may be set by incor¬ 
porating a second condenser (O') after the first valve. 

For the best results it is desirable to adjust the time constant of the 
amplifier to a value as near as possible equal to tbe duration of the 
pulL to be amplified so that very long and very short P" 

Le missed. The pulse time of an ionization it 

fraction of a microsecond to a few milliseconds (see Chap. Ill), an 
S tierefore u^ual to build amplifiers with time constants equivalent 
to 10’-‘>X10® cycles per sec. In «-counting it is also important for 

ronsL; ainpimcat J to be obtained even 

resistances, etc., and a well g feed-back’ circuits ( 1 )). 

porate a stabilized powxr supp y ( jlifieation is usually small 

The voltage pulse m the early stage loportional pulses (linear 

enough for the valves concerned to g ^ of amplification 

amplification), and it ’® ° ^ is introduced. This non-linearity 

when the signal IS large t a .'® ‘ by the application of a 

, ,0.1,og Z’m.eo"Fi"''3 1) 'll ll,' “f ““ "‘I"''"' P”'*” 

p“" ;iti'Svo”S.;;— o, .ev.i o.„ b. obM,.,.i ..b 

’srroo'b'r zzs it‘r,rr., 

commonest causes of a high ^-particle 

pi': irdls^rLirtor may be periodically obtained 

due to the 

(,) If a pulse from spurious to be counted, con- 

coincide, Avith a puKe n '^-n'icr 4 S) and if tfie distorted 

siderable distortion may occur (see Fig. 4.8), and 
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pulse has two peaks each above the discriminator level, more 
than one count may be obtained for a single pulse. Usually, 
however, the paralysis time of the discriminator allows only one 
pulse to pass to the scaler, but errors may be serious when the 
discriminator is being used to differentiate between the heights 



of a number of pulses of different amplitude (e.g. in measuring 
the energy of a-particles). 

Since circuit and valve ‘noise’ is also amplified, serious interference 
with counting may occur if it is not kept to a minimum. In practice 
the ‘noise’ level sets a lower limit to the operating range of the amplifier, 
and its reduction is one of the most important features of amplifier 
design. Although it may be kept low by suitable design and choice 
of components, it cannot be altogether eliminated. It is difficult in an 
amplifier of poor design to reduce the ‘noise’ level without modifica¬ 
tion of the circuit, but amplifiers suitable for radioactive coimting are 
now available commercially. In a reasonably good amplifier the total 
noise level (referred to the input) should be of the order of 300 ion 
pairs (i.e. about 0 01 MeV). For efficient counting, the pulse amplitude 
due to the ionizing event should be about ten times larger. 

For general work ■with ionization chambers and proportional counters 
it is customary to design an amplifier in two parts. The main amplifier 
is preceded by one of two pre-amplifiers designed to accept pulses of 
high or low frequency. With proportional counters and ionization 
chambers giving pulses of short duration (10 microsec. or less) a high- 
frequency amplifier is used (10^-10® cycles/sec.), whilst for ionization 
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„ ugb „ p».M=. . ~srg.,p ..p.»-•.<>»»^ 

about 100, the mam amplifier J possible ivith a 

A v.,MtoP of not mot. th.n ■ P*”'"J “ „a ,h. 
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employed wherever possible, particularly between the source of pulses 
and the head amplifier. A head amplifier may not be required when 
a proportional counter is used and the counter is then connected to the 
main amplifier through a cathode follower ( 1 ). 

To check when an amplifier is operating satisfactorily an oscilloscope 
and some form of pulse generator are helpful. The oscilloscope is con¬ 
nected to the output of the amplifier so that the form of the amplified 
pulses from the generator may be clearly seen. Pulses of known ampli¬ 
tude and duration are fed into the amplifier and used to check the 
linearity and constancy of amplification. Test sets can be made to give 
pulses of predetermined characteristics, and by varying first the pulse 
size and shape for constant amplification and then the settings on the 
amplifier for fixed pulse characteristics, a thorough check of the per¬ 
formance of the amplifier may be made. For simulating working condi¬ 
tions the pulses generated should have the same shape as those produced 
by a proportional counter or ion-chamber. If the amplitude of the 
input pulse from the test set is known a direct calibration of the ampli¬ 
fier may be made, which is helpful when absolute measurements of 
tx-energy are necessary. The resolution of the amplifier may be con¬ 
veniently tested by varying the frequency of the pulse generator. 

A standard source of constant activity can be used from time to 
time to check that an amplifier (associated with an ion-chamber for 
example) is in working order. Since this tests only the reproducibility 
of the amplifier, it should not be regarded as infallible without inde¬ 
pendent confirmation that the counts recorded are due to a-particles. 
The statistical laws given in Experiment 1 should also be obeyed, for 
instance. 

H. Discriminators 

A discriminator is an electronic ‘filter’ which allows only pulses of 
amplitude greater than a certain value to pass. Although this may be 
accomphshed in many different w^ays (1), it is usual to use a valve with 
an adjustable grid potential which must be exceeded by the pulse for 
the valve to become operative. A typical circuit is shown in Fig. 4.9. 
Discriminators may be built as separate units (12), but often form an 
integral part of the other electronic apparatus. Most scaling units, for 
instance, incorporate some form of discriminator (usually not externally 
variable) so that counts are not obtained from electronic noise, etc., 
produced in the scaling circuit. For pulse ionization chambers and 
proportional counters in which the noise level may be an appreciable 
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coincidences). If one of the counters is discharged, the grid of the asso¬ 
ciated valve receives a negative pulse and the valve ceases to pass 
current. As long as one valve is passing current the potential at the 
output will be substantially unaltered, since there is a low-resistance 
path via the valve from the associated counter to the output condenser 



If both valves cease to pass current, then this will result in a large pulse 
being fed into the main recording circuit. 

The interval of time during which two pulses are recorded as a ‘co¬ 
incidence’ is determined by the dead times of the counters and the time 
constants of the valves and their associated components. The resolving 
time may thus be set to any convenient value, if necessary being reduced 
to 10“® sec. in some cases (e.g. in scintillation counters). Measured 
coincidence times may be considerably shorter than the recovery time 
of the instrument used (especially with Geiger counters), and under 
such conditions it is only the sharp initial change in potential dtiring 
discharge which operates the valve. 

Coincidence counting may be employed to detect particles travelling 
in one particular direction. For instance, in work with cosmic rays a 
series of counters are often placed one on top of the other, when only 
particles passing vertically through all the counters will be recorded. 
Another application is the determination of the efficiency of detection 
of j8-particles passing through a counter. If three counters are placed 
in a line opposite a radioactive source, coincidence between the two 
outside counters indicates that a radioactive particle has passed through 
the middle one. The efficiency with which these particles are detected 
by the middle counter can be estimated from the observed triple coinci¬ 
dence counting rate (allowance being made for random coincidences). 
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A general application is the use of two counters in coincidence to 
measure radiation density by detecting particles passing through both 
counters. This results in greater statistical accuracy than when a single 
counter is used since random background radiation does not, in general, 
discharge both counters simultaneously, and the background counting 
rate is therefore lowered. An isotope w'hich emits both ^-particles and 



Fio. 4.11. Anti-coincidence circuifc. 


y-rays simultaneously may similarly be distinguished in a of 

Lveral isotopes rvhich have non-related p- and y-eimssion by a smiUai 
method. The calibration of the geometrical efficiency of a ^ 

also be conveniently made by coincidence countmg of simultaneously 

emitted 6-particles and y-rays (see Chap. VI). 

An anicoincidence circuit is shoiim in Fig^ 4 11, and is - 
the same as the coincidence circuit, except that 

from one of the counters is reversed by an intermediate vah e (A). It 
Lth counters discharge at the same time, no output pulse is o^Umcd 
since the two pulses fed mto the output circuit are of opposite 
iHnly onl counter passes current a large pulse is obtaured, althoi.^ 
the sign depends on which counter discharges. The polarity is rectified, 

if necessaiY in stages of the circuit. , i 

Both coincidence and anti coincidence circuits may be einployed for 
a variety of purposes of a specialized nature. The method is not le- 
strictedL any particular type of radiation or instrument, but may 
used with almost any pulse-produemg countei. 


T Counting ratemeters 

A counting ratemeter is an electronic circuit designed to measure the 
rate of arrival of pulses from an ion-chamber or Geiger counter (i.e. the 
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The reading of the niicroammeter fluctuates about a mean due to 
the random arrival of pulses. This statistical fluctuation may be re¬ 
duced by increasing the time constant (which is proportional to the 
time over which the rate of arrival of pulses is averaged). To provide 
a higher output current which is more readily measured, and incidentally 
to increase statistical accuracy, high activities are preferable. It is 
seldom practical to work below about 500 counts per minute. A further 
disadvantage of counting ratemeters is that they do not reach equi¬ 
librium instantaneously. The time necessary to obtain a steady value 
depends on the time constant of the integrating circuit, which to some 
extent is predetermined by the resistance and capacity necessary to 
produce a reasonably measurable current at a given pulse rate. In¬ 
creasing the time constant reduces the time of response of the rate- 
meter, since longer periods are necessary for equilibrium to be obtained. 
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On the other hand, the statistical error is larger if short time constants 
are employed rvith low counting rates. The statistical error ““■y ® 

estimated from the standard deviation a, which is equal to ), 

where a: is the pulse rate and T is the time constant of the circuit (see 
Experiment 1). Ratemeters should not be used to observe sudden 
changes in activity occurring within a time less than T. In spite of these 
difficulties, however, many workers use counting ratemeters m 
to sealing units on account of their relative simplicity and reliability. 

K. Recording apparatus 

In radiochemical work it is becoming increasingly necessary to keep 
a continuous record of the activity of a dynamic system. A simple 
method is to photograph with a slow cine-camera (e.g. one frame per 
nii^ute) both the number of pulses shown on the scaler and also the 
time on a clock. This method has the advantage that it may be adapted 

to anv counting rate and any recording instrument. 

Inorer meUiod is to use an external Post Office call-meter with 

raised type to record the number of counts obtamed by 
s Wly reeving strip of paper at suitable intervals. Apart from .ts more 

comphcated mechanical structure, a disadvantage of this 

at hfgh counting rates is that it is usually difficult to obtain a call-meter 
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apparatus for such a purpose is shown in Plate I. Up to thirty sa 
may be placed in the rack at one side of the lead castle, and each T 
IS automatically brought in turn opposite the Geiger counter Tt 
count obtained with each sample in position is recorded on a nr t * 
together with the duration of the count, and a number to identify tT’ 
specimen. The time of counting may be varied by controls whi t 
determine (a) the approximate total number of counts measured (he 
the statistical accuracy of all the results is about the same) and (611^ 
maximum time which can be aUowed for each count (thus avoidin* 
unnecessarily wasting time on the measurement of very weak activiti f 
In a laboratory in which large numbers of ;8-absorption curves hwe 
to be determined, an automatic means of changing the aluminiu 
absorbers and recording the activity is useful. The apparatus show 
in Plate I has also been adapted for this purpose, the tray holders 
being replaced by aluminium absorbers and the source being inserted 
in the lead castle underneath the counter. However, this apparatus 
although very useful, is costly and its construction is probably worth’ 
while only in large organizations where it will be in continuous use 
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PHYSICAL AND CHEMICAL ASPECTS OF 
RADIO-ISOTOPE PRODUCTION 

The isolation of radiochemically pure species involves both physical 
and chemical problems. The nature of the nuclear reaction to be used 
the flux of incident particles, the time of irradiation, and the nature o 
the target aU affect the yield of the isotope desired and must be con¬ 
sidered in the light of the chemical separations which may be necessary 
either before or after the nuclear reaction is performed. The isotope 
is produced in the first instance by the physical process of irradiation 
of a substrate which has usually been subjected to a previous chemical 
purification. It may also be necessary to remove any contaminating 
Ltivities arising simultaneously with the desired isotope by a subse¬ 
quent chemical separation. The extent to which contaminating actiM- 
ties must be removed varies enormously. In some cases it is oidy 
necessary to irradiate a reagent of normal analytical grade for an almost 
pure activity to be obtained. On the other hand, the isolation “f ^ 

Ltivity from the mixture of thirty-four 

nuclear fission of uranium atoms often involves a 

extraction. The success of a given method of producmg a 

therefore depends on the extent to which a compromise is achieved 

between the solution of the chemical and physical problems involved^ 

We will now consider further the methods by which radio-isotopes may 

he obtained. 

1 Naturally occurring Radio-isotopes 

All the elements of atomic number from 81 to 92 inclusive (except 
astatine element 85) have naturally radioactive isotopes, although no 
all of them are suitable for use as tracers in chemical systems. Many 
have very short half-lives or emit particles which are difficult to detect. 
Another consideration is that several elements have more than one 
Radioactive isotope in the same naturaUy occurring series. Uranium. 
f:R::ri:iple, has^wo isotopes of masses 238 and 234 m the radium 

series, one isotope being a descendent of the other, mz. 


238*0 


UXi 


ux, 


2340. 


It is not possible to separate chemically either of the isotopes from a 
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mixture in a pure form, but by isolating UXi{Th), may be obtained 
by decay free from 238u. Only small quantities of can be isolated 
in this way (4), and it is more usual to use an artificially produced 
isotope (e.g. 237U qj. 239U) as a tracer for uranium. Other similar ex¬ 
amples are known (e.g. lead (RaO, RaB); bismuth (RaC, RaE), polo¬ 
nium (RaA, RaC', Po), radium (MsTh^, ThX), and thorium (UXi, lo 
UY)), but in general the half-lives are so widely different that either 
the shortlived isotope can be allowed to decay or the longer-lived will 
not be in sufficient quantity to interfere with the measurement of the 
shorter. A possible exception is radium (MsThj, ThX). 

Uranium and thorium almost invariably occur together in nature 
and hence it is difficult to obtain radio-isotopes belonging to the thorium 
series uncontaminated by the analogues of the uranium series. Thus 
MsThi (prepared from thorium) invariably contains some radium (to¬ 
gether with its decay series) which makes measurement of MsThi diffi¬ 
cult. On the other hand, sources of ThX (or the other lower members 
of the thorium series) may be prepared pure from separated radio- 
thorium, which is a descendant of mesothorium (2). 

On account of the growth of radioactive daughters no separated 
species of a naturally active element (except the last member of each 
chain) will remain radiochemically pure. The time in which serious 
contamination occurs depends on the half-life of the daughter, and 
in some cases equilibrium between parent and daughter is established 
very quickly (e.g. UXg reaches equilibrium with UXi in about 10 min.). 
The growth of daughter elements may often be an advantage, however, 
to assist in the measurement of the parent. In the case of lead (RaD) 
the maximum ^-energy is only 0-025 MeV and it is therefore not detected 
by most instruments. Its daughter (RaE), however, which has an 
of 1-17 MeV, is easily detected and the RaD may be estimated by 
measuring the daughter activity a fortnight after preparation. The 
RaE daughter will then be in equilibrium, and the number of disinte¬ 
grations of parent and daughter ^vill be the same. In the case of the 
RaD-RaE equilibrium, the half-life is rather too long to be convenient, 
but for UX^-UXg and MsThi-MsTh 2 this is the usual technique em¬ 
ployed. 

It is almost always essential to perform some kind of chemical separa¬ 
tion to obtain a radiochemically pure species of a natural emitter. 
Provided an inactive canier is available and its use can be allowed, the 
separation generally presents no difficulty. Carrier-free activities are 
sometimes requmed, and for the lower members of the series separation 
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is greatly simplified by removal of the rare gas member of the series 
(actinon, thoron, or radon) by boiling a solution of one of its precursors 
and sweeping out with an inert gas. The lower members of the series 
may then be isolated from the decay products. Standard separations 
of the naturally occurring radio-elements are described in several text¬ 
books ( 1 , 2, 3) and will not be discussed further. 


2. Nuclear Reactions 


The most useful nuclear reaction for the production of artificial ra^o- 
isotopes is that of slow neutron capture. All elements (with the possible 
exception of “He) capture slow neutrons to some extent, but neutron 
capture cross-sections extend over a wide range of values. Whether a 
given neutron capture reaction will be useful for obtaining a radio- 
element will depend on the capture cross-section, the neutron flux, the 
amount of activity required (which may be affected by the duration 
of the experiment), the half-life, and a number of secondary factors, 
such as the possibility of obtaining contaminatmg activities. It the 
neutron flux is low, only isotopes obtained from nuclei of high capture 
cross-section may be produced in sufficient quantity to be of use m 
chemical investigations. However, the use of a uranium pile has made 
this limitation less severe and it is now possible to obtam useful radio¬ 
active isotopes of all common elements except hehum, boron, nitrogen, 
oxygen, neon, magnesium, and aluminium by neutron-initiated reac- 


In the maiority of neutron capture reactions of the (n, y) type the 
radio-isotope obtained is diluted with the stable analogue from which 

it is formed. For example 




/5 q = 14-8 hrs. 
2*Mg 


The specific activity is therefore Umited by the capture cross-section 
and neutron flux, although by appropriate choice of targets it may 
sometimes he enhanced (see SzUard-Chalmers reactions^ In certam 
oases however, the product nucleus decays to a radioactive isotope of 
a different element which may be chemicaUy separated from 
element of the target material. The daughter activity 

obtained in high specific activity. dUuted oifiy by the 

same element present in the target or introduced durmg separation. 


o 
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For example (a) 

= 26 min. 

ulAg 

= 7-6 days 

“iCd 

(6) i24Sn+in- >^^Sn+y 

^ 4 — 9*8 min. 

^ 4 = 2-7 yrs. 

i25Xe 

(c) “«Nd+i7i- >^*'^Nd-^y 

j = 11 days 

i47pm 

^{4 = 2-26 yrs. 

Although (w, y) reactions are most generally obtained with slow 
neutrons, (n, p) reactions are initiated in two important cases, namely 

I4jsr-j-n- 

35Cl+n- 

These two reactions are used in the preparation of the long-lived 
isotopes of the important elements carbon = 5.513 yrs.) and sulphur 
(«j = 87*1 days). Except for the {n,p) i^Be reaction no other slow 
neutron-induced {n^p) reactions are known. 

Nuclear fission is also induced by slow neutrons in the case of 233U, 
235U, and 239Pu, giving a complex mixture of elements in the middle 
of the periodic table. Apart from contamination by impurities of the 
same elements in the fissile material, the fission products are obtained 
carrier-free and afford a convenient source of many radio-isotopes which 
would otherwise be unobtainable. 

A. Neutron sources 

The three principal means of irradiating substances with neutrons 
are by use of small neutron sources, particle accelerators (e.g. cyclo¬ 
trons, linear accelerators), and piles. For obvious reasons the only 
sources conveniently available for direct laboratory use are small sources 
such as radium-beryllium and radio-antimony-beryllium sources. Only 
limited amounts of radioactive material can be obtained using these, 
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but in the United Kingdom a relatively abundant supply of isotopes 
of half-lives greater than a few hours may be obtained from piles and 

in favourable cases from cyclotrons. 

Laboratory neutron sources. A radium-beryllium source consists in 

general of an intimate mixture of finely divided berylUum powder and 
a radium salt (usually the sulphate or hromide), sealed in a platinum 
container to prevent the escape of radon. Such a mixture generates 

neutrons by the reaction 

JBe+JHe- >^iC-\-ln. 

1 g of radium (as its salt) mixed -noth 5 g. of powdered herylhum emits 
about 10’ neutrons per second. Two radium-beryllium sources contain¬ 
ing the same weight of radium and beryllium do not in practice emit 
the same number of neutrons (due to inhomogeneity of mixing (5)). 
and they may be as much as a factor of ten different. Nevertheless, 
every effort has been made to reduce this divergence, and most sources 
of the same weight of radium recently prepared in the United Kmgdom 
give a total neutron flux of about 15XlO« neutrons/sec./cune ^vlthm 


4-20 per cent. , , 

Compression of the mixture has been recommended to increase con¬ 
tact between the constituents, but even when complete can 

be assumed, the neutron flux varies with the proportion of radium to 
beryllium. For a mLxture of high berylUum-radium ratio the flux may 
roughly be estimated from the weight of each component (5). Other 
mixtures of beryllium ^vith a-emitters such as radon and polomum have 
been used as neutron sources, but they are usually less convement, due 

to the short half-Ufe of the a-emitter. 

The primary neutrons from a radium-beryllium source have a vnde 

range of energies (up to several MeV), whereas the majority of natron 
capture reactions occur more readUy with neutrons of low energy. In 
general, therefore, the neutrons from a radium-beryllium source must 
he slowed dorvn to be efficiently absorbed, and hydrogenous materials 
such as water or paraffin-wax are frequently used as moderatmg media^ 
The radium-beryrnum source may then be placed in a cylmdrical tank 

of water, or in a hole in a block of paraffin-wax ^ 

irradiated being at any other convenient place m the moderator. Wh 
ever moderator is used, it should not contain neutron absorbmg mateiial 
of high capture cross-section. Since radium and its decay Pcc^ucts 
emi^ v-rays of high energy, neutron irradiation assembbes should be 
properly screened to protect operators and to reduce stray radiation 
which ^ght affect radiation-sensitive instruments m the pioximity. 
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Small neutron sources which are quite suitable for laboratory use 
have been made which utilize the disintegration of ^Be induced bv 
y-rays, viz. ®Be (y, n) 2 ^He. Any y-emitter of energy greater than about 
1-63 MeV may be used to initiate this reaction, but radio-antimony 
(i24Sb) has been most commonly employed (6), since it has a reasonably 
long half-life (60 days) and can be readily obtained from pile irradiation 
of antimony. A cylinder (1 in. diameter and 1 in. high) of intimately 
mixed beryllium and radio-antimony of 1 curie activity generates of the 
order of 10« neutrons/sec., of 25-30 KeV energy, which may be slowed 
down to thermal energies by use of about 4 cm. of water or paraffin-wax. 
Higher fluxes could be obtained by surrounding such a somce with 
further beryllium to absorb a greater proportion of the y-radiation 
but this is not usually practicable. 

The neutron fluxes obtained with radio-antimony-beryllium sources 
are lower per curie than with radium-beryllium mixtures and the half- 
life is relatively short, so that they are in general used only with 
absorbers of reasonably high capture cross-section (see p. 51). Never¬ 
theless, they may if necessary be reactivated after decay by further 
irradiation in a pile, they are relatively cheap, and give practically 
mono-energetic neutrons. Adequate screening of radio-antimony neu¬ 
tron sources is of course necessary on account of the high y-radiation. 

Although radium-beryllium and radio-antimony-beryllium sources 
have advantages over large neutron-producing apparatus (such as cyclo¬ 
trons, van de Graaff machines, linear accelerators, etc.) due to their 
small size and convenience for use in a laboratory, the low neutron 
fluxes obtained somewhat offset this advantage, particularly if the 
material irradiated has a low capture cross-section. 


Cyclotrons. Cyclotrons are machines used for accelerating nuclear 
particles such as protons, deuterons, and a-particles (7). Although a 
background of neutrons is almost always produced when any nuclear 
reaction is performed in a cyclotron (due to side reactions), they may 
be made deliberately, usually by bombardment of beryllium or lithium 


with deuterons: 






ILi+lK - >2i-He+ln. 


Only about per cent, of the initially accelerated particles give rise 
to neutrons, and as these are emitted through a large solid angle, it is 
impracticable to utilize a large fraction of them in one sample. Never¬ 
theless a cyclotron with a beam current of, say, 50 micro-amps can 
produce 10^® neutrons or more per second, so that considerably higher 
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fluxes and consequently much higher activities are obtained than with 
a radium-beryllium source. The neutrons from cyclotrons are usually 
of high energy and are slowed down by surrounding the neutron target 
with a suitable moderator. The background of thermal neutrons ob¬ 
tained from the water tanks used to protect the operators is often 
utilized, but since deuteron beams would, in most cases, be used for 
neutron production, deuteron-induced reactions are frequently pre¬ 
ferred for radio-isotope production with cyclotrons. The cyclotron is 
also necessary for inducing nuclear reactions requiring particles of high 

energy with a high flux. 

Uranium pile reactors. The essential reaction occurring m a uramum 
pile is the neutron-induced fission of (i.e. breakage of the nucleus 

into two or more fragments) with the simultaneous productmn of more 
neutrons than necessary to induce the initial fission. A self-sustaimng 
chain reaction is then maintained and large numbers of free neutrons 
are obtained, some of which are avaUable for activating other materials 
(8). A uranium pUe such as the British Experimental Pile (B E.P.O.) 
at HarweU, which uses a giaphite moderator, gives a flux of the order 
of lO'i neutrons/cm.Vsec. Most of these are of thermal velocities, except 
for a proportion which have not been sufficiently slowed down near 
the urLum rods. By vutue of its high flux a pUe therefore offers a 
very satisfactory means of obtaining highly radioactive material by 
neutron-induced reactions and even weighable quantities of carrier*^ 
material (e g ‘“Cl may be made. The production of radio-isotopes from 
rSs?f"quite smatl capture cross-section in useful quantities is also 
possible. There are, however, some Umitations m the us p 

Lposed in the case of materials of high capture cross-section (e^g B 
Cd^ Gd, Sm, and Li), as these may prevent the nuclear cham reaction 
by’absorbing too many neutrons. Thus the capture cross-section of 

cldmium (»=Cd) is so high that only small I'lTcJthut 

without the pUe ceasing to function. It so happens that the Cd thus 

formed is a stoble isotope, and since radiotracers for cadmium must all 

be mepared from other stable isotopes of low capture cross-section, 

they are therefore avaUable only in Uimted quantities. 

B. Calculation of yields of active isotopes in (n. y) reactions 
In the case of pUes, the neutron flux may be assumed to be constant 
and uniform in the immediate vicinity of the material undergomg 
irradiation but for radium-beryllium sources the slow neutron flux m 
a motrator depends on the distance of the target material from the 
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source of neutrons. In both cases there is assumed to be no alteratio 
in the neutron distribution and no perturbation of the neutron field 
by the insertion of material which absorbs neutrons, although this ' 
clearly a simplification. The assumption is not justified when substances 
of very high neutron capture cross-section (e.g. cadmium) are irradiated 
particularly when a small laboratory neutron source is used. The neu* 
tron flux of a pile is usually quoted as an average value, but for accurate 
experimental work it may sometimes be necessary to measure the 
neutron flux at the point of irradiation (see Chap. Ill) before estimatine 
the activity obtained. ® 

The capture cross-section used in the calculation should refer to the 

neutron energy employed. Although mono-kinetic neutrons may he used 

experimentally, the capture cross-section for this energy will not be 
applicable since the neutrons at the site of irradiation soon become 
heterogeneous in energy. In practice the calculation of yields using 
neutrons with a wide energy distribution is difficult, since the capture 
cross-sections are often not known with any accuracy. This condition 
therefore means that a reliable estimate may in general be made only 
for irradiations with thermal neutrons, with an energy distribution in 
a fairly narrow band for which the average cross-sections have been 
determined. Except near the uranium rods, almost all the neutrons 
may be regarded as thermal. 

The experimentally determined capture cross-section of an element 
(see p. 51) is dependent on the cross-sections and abundances of the 
individual isotopes. If the capture cross-section for a particular isotope 
is calculated from the total number of atoms of that element present, 
the apparent isotopic cross-section is obtained. If allowance is made 
for the abundance of the relevant isotope (i.e. the calculation is based 
on the total number of atoms of the isotope), the true isotopic capture 
cross-section (o^) is obtained. Thus if the apparent capture cross- 
section of a 10 per cent, abundant isotope is 1, its true capture cross- 
section is 10. Values of for thermal neutron capture which are 
tabulated in the appendix should therefore not be confused with values 
of the apparent isotopic cross-section, the elemental cross-section, the 
scattering cross-section, or the total cross-section (which is the cross- 
section for all nuclear processes occurring under the experimental condi¬ 
tions used). Since it is frequently determined by estimating the yield 
of the radio-isotope resulting from neutron capture, the thermal neutron 
capture cross-section of a stable isotope (a^) is often called the *activa- 
tion’ cross-section. 


199 



nuclear reactions 

With these conditions in mind, we may now proceed to estimate the 
activity obtained in a given irradiation by use of equation (2,9). Thus 
the activity resulting from an irradiation of a material of capture cross- 
section in a flux of neutrons f, for a duration of time t is 

_ P(1—(5-1) 

If the time of irradiation is long compared with the half-life of the 
radio-element produced we have 

= -NaJ, (5-2) 

i 

and the rate of capture of neutrons is then equal to the rate of decay 
of the radio-elemLt. In practical cases equUibrmm ,s sufficiently 
established for equation (5.2) to hold after about six to ^en half-hve^ 
If i = t., then (dNIdt)^ = -hNaJ. Hence the activity resulting from 
an irradiation time equal to the half-life is half the maximum obtainable 

^°^Exlmple 1. 1 g. of sodium chloride is irradiated in a pile 1°'“ 

neutronf/cm.»/sef. for 4 days. What is the activity of each of raffio- 
isotopes produced (neglecting secondary nuclear reactions such as (n.j.) 

"”^he pillible activities resulting from such an irradiation by (n,y) 
reactions are 



Jtadio-isotope 

of parent isotope 

Parent 

Half-life 

**Na 

3«C1 

*»Cl 

0-44 barns 

44 

0-56 „ 

*3Na 

35CI 

»’C1 

14-8 hrs. 

4-4 X 10^ yrs. 
38*5 min. 


c;inoe the time of irradiation is more than six times tne nau-u- 
the «Na and “SCI activities, they can be assumed to 

equil« value, and equation (5.2, can therefore be used. To estimate 
the »«C1 activity equation (5.1) must be employed. 


2-*Na activity. 


(■ 


dN\ __ (q.44x10-2‘*)x1010 

dt), 


68 


4*6 X 10’ disintegrations/sec. 
1*2 millicuries. 
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activity. In this case it must be remembered that the abunda 
of the 35C1 isotope is 76-4 per cent. Hence from equation ( 5 . 1 ) 

(^), ^ ^ ^ X 10“ X 0-754 X (44 X 10-“) x 10i»x 

4 


X 


[l-exp(_I±523x4_\l 

L \366x4-4x IO7J 


= 69 disintegrations/sec. 

“Cl activity. The abundance of the “Cl isotope is 24-6 per cent 
Hence ^ 


\ /t 


(lX6*02xl023x0-246) 

-gg-X (0-56 X 10-24) X low 


= l*42x 10’ disintegrations/sec. 

Example 2. What are the yields of the 2-2 min., 67 min., 13-8 hr 
and 250-day activities of zinc after irradiating 1 g. of zinc oxide for 
(a) 4 days, (6) 200 days, in a flux of 10 ^ neutrons/cm.^/seo. ? 

The necessary data for this calculation are 


Radio-isotope 

Wq of parent isotope 

Parent 

Abundance of 
parent 

Balf-life 

«Zn 

«»Zn 

♦ « 

’‘Zn 

0-50 barns 

0-29 

100 

009 „ 

«Zn 

”Zn 

# # 

«Zn 

48-8% 

18-54% 

• « 

0-617% 

250 days 

13*8 hrs. 

67 min. 

2*2 min. 


®®Zn exists in two forms, one form decaying to the other by an isomeric 
transition and emission of a y-ray with a half-life of 13*8 hrs. The 
capture cross-sections given refer to the particular isomer produced. 


(a) 4 days irradiation. 

®®Zn activity. Since the time of irradiation is short, compared with 
the half-life, we must use equation (5.1). Hence 

"" (s^ ^ X 1023 X 0-488] x (0-50 x 10-24) x lO^x 


X 


r, /—0-693x4 


= 2-Ox 10® disintegrations/sec. 
’^Zn oA^tivity. Similarly, 


] 


(^, ^ (ir^ ^ X 10“ X O-OOeivj X (0 09 x io-“) x io“ 


= 4-1 X 104 disintegrations/sec. 
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8sZn {13'8 hr.) activity. The time of irradiation is long enough for 
equilibrium to be established. Hence 

=== X 6-02 X 10^3 XO I 854 W (0*29x10-2^) X 10^0 

\dt)t \81-4'^ / 

= 4‘OxlO® disintegrations/sec. 

6®Zn (57 min.) activity. This activity may be formed m two ways; 
either by direct neutron capture, or by decay from the 13-8-hr. isomer 
during irradiation. The contribution by the first mechanism is 

X 6-02X 1023x0-1854^ X (l*00x IQ-^*)X10^^ 

[dtjt \81-4 / 

— 1-4x10’ disintegrations/sec. 

The activity obtained by decay of the 13-8-hr. isomer may be ob¬ 
tained by integration of the equation 

'dNc 




bv a method similar to that used for deriving equation (2.12). In this 
expression is the number of atoms of ^^Zn, is the capture cross- 
section of ®»Zn referring to the 13-8-hr. activity, Ae is the decay constant 
of the 57-min. activity, and Ab is that of the 13-8-hr. activity. Applymg 
the condition that No = 0 when < = 0 to the integrated equation we 


= a.A^f 






B 
-A 


An-A 




For a time of irradiation less than about 3 days this equation should 
be used to estimate the activity obtained by decay. Sii^<=e^he present 
example the time of irradiation is long enough to be regarded as infin , 


t 


f):=' 


and is e 


qual to the 13-8-hr. activity obtained under the same conditions, 
i e. = 4-0 X 10® disintegrations/sec. 

Hence the total 57-min, actiidty obtained is 1-8 X 10^ disintegrations/sec. 

(b) 200 days irradiation _ . 

Since the 13-8-hr., 57-min., and the 2-min. activities were at equ- 

librium in the previous case, no further increase m activity 
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obtained by prolonging the irradiation. The yields will therefore be the 
same. For the 250 days activity the rate of disintegration will now be 


'(W 

dt It 


= X 6-02 X 1023 X o-488j x (0-50 X 10-^) x lO^o x 


X 


\l /— 0 - 

1—expl- 


—0*693x200 


250 


= 7*7 X 10® disintegration/sec. 


' 


C. Yields of active isotopes obtained from laboratory neutron 

sources 

Although a similar method can be adopted to estimate the yield of 
a radio-isotope in any irradiation for which the thermal neutron flux 
is known, a frequent difficulty is the determination of the neutron flux 
existing at the point of irradiation. If all the neutrons emitted by a 
radium-beryllium source were of the same energy, calculation of the 
thermal neutron density in a large moderator would be relatively easy, 
but unfortunately a wide range of neutron energies is obtained. The 
neutron flux at the point of irradiation must therefore be experimentally 
determined by one of the methods in Chapter III, if it is to be known 
reliably. 

The neutron density existing at any point in the moderator surround¬ 
ing such a source is not independent of the geometrical shape or size 
of the moderator, or the presence of neutron absorbing material at 
some other point in the system. Any escape of neutrons at the surface 
of the moderator or loss of absorption will alter the neutron distribu¬ 
tion. At any given point the highest neutron density is obtained by 
using a moderator large enough to be regarded as infinite. For this 
assumption to be valid at least 30 cm. of water or paraffin are necessary. 

The neutron density in a moderator surrounding a small neutron 
source has often been experimentally estimated. For water the distribu¬ 
tion is fairly reproducible, but with paraffin-wax, for which the density 
may vary considerably from sample to sample, the neutron distribution 
must be determined in each case. An approximate value for the neutron 
density at a given point in water for a source of neutrons equivalent 
to 1 g. of radium (15x10® neutrons/sec.) and an infinitely thick 
moderator may be obtained from Fig. 5.1. These fluxes have been 
estimated from experimental data provided by Whitehouse and Gra¬ 
ham (9). For paraffin-wax approximately the same fluxes will obtain 
if allowance is made for the difference in hydrogen content per unit 
volume. If the density is about 0*8 the neutron flux at a given 
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distance from the source will be almost identical with that in 

water. nix. 

To obtain the maximum yield of a radio-element by use of a labora¬ 
tory neutron source it is often of advantage to irradiate an aqueous 



Distance (cm) 


Fig. 6.1. Neutron flux from ft 1 g. radium-beryllium source in water 


solution of the absorbing element. If the neutron source rs in 

a soft-glass tube at the centre of a round-bottomed flask large enoug 
to be Lsumed to be infinite (say 60 cm. diameter), all the "^^ron 
emitted by the source n-ill be absorbed by material m the vessel and 
the proportion absorbed by any given isotope wiU depend on relativ 
capture cross-sections of the species present. Apart from issolved 
material the only other species likely to make a significant contribution 
to neutron absorption in aqueous media is hydrogen, with an elemental 
absorpUon captuL cross-section of 0-32 barns, for which allowance may 

be made in the following manner. , 

Example 3. What is the activity resulting from the 
of 1 kg of potassium iodide, dissolved in 50 litres water, in which 10 

neutrons/sec. are absorbed ? Fromthesedatathequantityof eachspec.es 

likely to capture a significant number of neutrons is estimated thus 


Species 

3»K 

12?I 

iH 


Abundance 

93*08% 

6-91% 

100 °^, 

99-98«G 


Quantity 

{equ.jtnl.) 

1-12X 10-* 
8-33 X 10-» 
1-20X 10-* 
lllOx 10'» 


3-2 

0-7 

6-85 

0-32 


Product nucleus 

«K 

1281 

8H 
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The fraction of neutrons absorbed by the iodine is 

1-20 xlO-«x 6*85 

(1-12 X lO’-^X 3-2) +(^33 X 10-6x0-7)+ -- 

+ (1-20X10-‘*X6*85)+(1M0X 10-2x0-32) 

= 0-0224. 


Hence the number of neutrons absorbed by iodine = 0*0224x 10® 


= 2-24 X 10® neutrons/sec. 


If irradiation is continued until the rate of formation and decay of 
1281 are equal (say, 3 hours), the activity of this species will be 2-24 x 10® 
dlsintegrations/sec. If a shorter time of irradiation is used the activity 
is less by the factor of 



Although the use of an effectively infinite irradiation vessel results 
in absorption of all neutrons, these may not be the most favourable 
conditions if it is desired to obtain the maximum activity from a given 
mass of solute. As the diameter of the irradiation tank is decreased 
the concentration of solute, and therefore the proportion of neutrons 
captured, increases even though more escape from the walls of the 
containing vessel. 

The optimum diameter for an irradiation vessel placed in a larger 
tank of water may be roughly estimated from the known neutron 
distribution in an infinite container. A distribution similar to Fig. 6.1 
will still obtain provided that the density of the solution is not signifi¬ 
cantly different from unity and the solution does not contain large 
amounts of material of high capture cross-section. By estimating the 
number of neutrons lost for different diameters of the irradiation vessel 
the number absorbed and hence the activity resulting in each case may 
be determined as above. It should be remembered that the number of 
neutrons lost from a sphere depends on the square of its radius, and 
hence the proportion lost cannot be estimated directly from Fig. 6.1. 
The ordinates must first be multiplied by the square of the radius to 
obtain a quantity proportional to the number of neutrons existing at 
a given distance from the source. This method of estimating the opti¬ 
mum diameter is only approximate, since the neutron distribution in 
any particular arrangement will only be roughly represented by Fig. 6.1, 
The calculated optimum diameter may be too large for some experi¬ 
mental purposes. Smaller vessels are permissible {although the neutrons 
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are not so efficiently absorbed), but they should be immersed in larger 
tanks of water. It is also common practice to immerse the radium- 
beryllium source in the liquid phase when irradiating orgamc liquids 
or solutions. If an infinitely large vessel can be assumed in such cases, 
the calculation of the resulting activity is in principle the same as 
Example 3 above. For smaller vessels the neutron distribution is no 
sufficiently weU known for any reliable estimate of the activity to be 

made. 

D. Other nuclear reactions 

The only (n.p) reactions induced by slow neutrons which are im¬ 
portant in the production of isotopes are the »N (n p) C Cl 

(n p) used to obtain the long-Uved isotopes of carbon and sulphur. 

Almost all other {n,p) reactions require fast neutrons 

to enable the proton to penetrate the potential harrier of the • 

and yields therefore decrease ^vith rise of atomic number. or e 
of low atomic number some of the neutrons present m a pde are suffi 

ciently energetic to initiate (u.p) reactions, and an 

xi. ^nf 32 p from Bv compaTison, the yield oi re 

obtah^ed by pile irradiation of ^"Co is very small. Although this latter 
"on miy be used for making radiochemically pure -Fe, in common 
Tth mos“ Lp) reactions it is best performed using neutrons of high 
energy from a cyclotron. Most of the isotopes made by an (n.p) 

"'Tin'^r the pilbability of loss of an .-particle from an excited nucleus 
is less than that of a singly charged particle, the yields of (n. a) reac mns 

elements of low atomic number. A typical reaction is Cl («,.) 

This occurs in too smaU a yield to be practicable for isotope productio . 

Vint is readUv observable experimentally. 

"Sortant (u,.) reactions initiated by thermal neutrons occur 

with lOB and ^Li, viz. 

io;B-bn---> ’Li+a 

6Li-l-n-^ 

Both these nuclei have high capture Ihe 

is important for the detection of neutrons and the second 

n-nuon U ..p..-. 

.nd.ob.o,u.nlly .nntl.d .Itb lo™ ono.gy ll»vn>B «b» n"”' 
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in an excited state which then decays with a measurable half-life, by 
emission of a y-ray). For example 

ii6in-^ lujjj 

= 4-5 hra. 

Such reactions are of little practical importance. Of more interest for 
obtaining radio-isotopes are {n, 2n) reactions, the products of which are 
usually positron emitters, since the resulting nuclei a^re neutron deficient 
These reactions in general require neutron energies of at least 6-8 MeV 
equal to the binding energy of the neutron in the nucleus, (w, 2n) reac¬ 
tions give low yields and are seldom utilized in the production of radio¬ 
isotopes except in cyclotrons. 

Deuteron-induced reactions. One of the most common types of 
deuteron-induced reaction is the {d,p) reaction, which gives the same 
product as an (n, y) reaction. Whilst in general (n, y) reactions are more 
easily performed, in a number of cases the yields from neutron capture 
are small enough to warrant a (d,p) reaction being used if the yield is 
higher. Two important instances are (d,p) ^®Fe and ®®Sr {d,p) ^^Sr 
although radioactive contaminants are simultaneously obtained by 
other nuclear reactions in both cases (e.g. ®®Fe {d,2n) ®®Co, ®’Fe (d, 7 ^) 
^®Co, ®’Sr (d, 7i) ®®Y, etc.). In some cases (often called Oppenheimer- 
Phillips’s reactions (10)) the mechanism of the (d,p) reaction is the 
rupture of the deuteron in the field of the nucleus into a neutron (which 
is captured by the nucleus) and a proton (which escapes without 
penetrating the nucleus). This accounts for the frequent occurrence 
of (d,p) reactions at lower energies than would be required for com¬ 
plete capture of the deuteron. 

(d,%) reactions are of wide occunence, an interesting example being 
the production of from boron (^®B {d,n) ^^C). This reaction was 
used as a source of radio-carbon in some of the early work, but the 
short half-life of (20-7 min.) renders its general use impracticable. 
As the energy of the deuterons is increased the (d, 2n) reaction competes 
with the {d,n) reaction and with deuterons of about 14 MeV it pre¬ 
dominates. A useful (d, 2n) reaction is the production from ^®Mn of 
®®Fe, which may be isolated in fauiy high yield and radiochemically 
pure, (d, a) reactions are limited because of the high nuclear potential 
barrier which must be overcome by the a-particles, and they rarely 
occur with nuclei of atomic number greater than 40. A (d, a) reaction 
of some importance is ^■*Mg (d,a) ^^Na, since this is the only convenient 
method of obtaining the long-lived sodium isotope ^^Na — 2*6 yrs.). 
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Proton- and a-induced reactions. Many proton- and a-particle-mduced 
reactions are known, but are usually not used for the production of 
radio-isotopes. An («.n) reaction initiated by a-particles emitted by 
naturaUy radioactive material is used to produce neutrons m several 
types of laboratory neutron sources (e.g. radium-beryllium nuxtures). 
A summai-y of the characteristics of nuclear reactions initiated by 

different projectiles is given in Table 5.1. 


3. The Chemistry of Nuclear Reactions 

Chemical considerations enter into both the preparation of the target 
material in a form suitable for irradiation and subsequently m the 
separation of the products of iiTadiation. In general xt is most prac¬ 
ticable to use a soUd target for pUe irradiations. Although liquids and 
gases can be irradiated provided that they are sealed m strong vessels 
and there is no danger of the pressure rising considerably above at¬ 
mospheric at the temperatures of the pUe, this practice should as far 
as possible be avoided. Care should be taken noth organic ^s in 
sealed vessels since decomposition to gaseous products may be i^^iated 
by the neutron and y-radiation of the pUe. with danger of explosion. 
Containers are best made of a metal of low capture cross-section (e.g. 

aluminium). If required, glass, or preferably sihca may 

Soft glass is permissible (although the mduced activity iviU be high), 

but glasses containing boron should not be used. 

If a target is uradiated by the secondary neutrons formed n a 

cyclotron or simUar instrument (e.g. using neutrons from a beryUiuii 
tLget) no special precautions are necessary, since cyclotrons are un- 
aXed by targets Lay from the main beam. Owing to the considerable 
amount of heat generated in the main beam when the primary pio 

jectiles strike it. the cyclotron target must be of high 
and low volatUity at the temperatures liable to be encountered. De 
teron proton, and a-particle targets are therefore usua% mounted in 
good thermal contact with a heavy block of a good conductor, which 

ra£oact“e to a greater or less extent. Thus the elementary state of 
the target should be ir radiated if possible, although compounds in which 
Se otfer atomic species do not give appreciable quantities of un¬ 
desirable radioactive products imder bombardment are also frequei j 
em?Wd ContamiiiLing activities of short half-life 
one tenth of that of the desired activity) can m general be aUou ed 



Table 5.1 

Generalized Characteristics of Nuclear Reactions 
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decay before the required isotope is used, and usually isotopes of 
relatively very long half-life are not formed in sufficient yield to be an 
embarrassment. Thus where it is not convenient on account of subse¬ 
quent chemical work to irradiate the element itself in a pile, the oxide 
nitrate, carbonate, acetate, and in some cases sulphate can be used* 
It would not in general be convenient to irradiate barium chloride for 
the i=*®Ba activity = 84 min.) however, unless the activity 
= 38-5 min.) can be separated. On the other hand, sodium chloride 
may be satisfactorily used to give the ^^Na activity {t^ = 14-8 hrs.) since 
the chlorine activity will have disappeared after about 4r-5 hours, and 
the activity (formed by the (n,a) 32p reaction) is only present 
in relatively small amounts. 

Even if a target material is chosen which satisfies the restrictions 
already considered, the presence of chemical impurities may be serious. 
Materials of analytical reagent grade are usually satisfactory provided 
the impurities are not elements of high capture cross-section. The 
greatest care should be taken when irradiating material of low capture 
cross-section to ensure a high chemical purity, as otherwise a con¬ 
taminating activity considerably in excess of that obtained from the 
principal target material may result. Thus the use of ‘specpure’ ma¬ 
terials is necessary for obtaining rare-earth activities by {n,y) reactions, 
and even then serious contaminating activities may result in some 
cases. This may sometimes be used to advantage in estimating the 
amount of trace impurities present in irradiated material—e.g. dys¬ 
prosium may be quantitatively estimated in lanthanum by the method 
of radioactivation analysis (see p. 24 and Experiment 19). 

Impurities are not so serious in nuclear reactions which are normally 
performed in the cyclotron, etc., since capture cross-sections do not 
vary so widely for reactions initiated with deuterons, protons, and a- 
particles as for thermal neutron induced reactions. Nevertheless, the 
simultaneous occurrence of several different nuclear reactions leading 
to a variety of products is usually more likely in this case. Thus, in 
the deuteron bombardment of copper with 10-20 MeV deuterons, all the 
following reactions may occur: 


63CU + 2H 


-^ 62Cu + 3H 

(5.3) 


(5.4) 

-^ “Ni+«He 

(5.5) 


(5.6) 

,-63Zn+2iK. 

(5.7) 
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At a given deuteron energy all five reactions occur to some extent, but 
at low energies reaction (5.6) is most likely to predominate. Reaction 
(5.4) also gives a fairly high yield at low energies, but reaction (5.5) 
requires more energetic projectiles. Reactions (5.3) and (5.7) are signifi¬ 
cant only at fairly high deuteron energies. 

On account of the fast neutron flux always present to some degree 

in piles, significant amounts of radio-isotopes obtained from (u, a) and 
(n,p) reactions may be produced with elements of low atomic number, 
although the amount obtained depends on the type of pile and on the 
position of the material in it. It is not in general necessary m pile 
irradiations to separate any contaminating activities produced y 
secondary nuclear reactions, except when (n,a) and (n,p) and fission 
reactions are used for producing carrier-free material. The separation 
of a radio-isotope from a target material is performed by the general 
methods given in Chapter I. The target should be chosen with the 
subsequent chemical separation in mind. It would, for^ mstance, be 
inadvisable to irradiate palladium chloride to obtain the Ag activity 

(iiopd (71 v) “‘Pd —^ “‘Ag) since the low solubUity of silver chloride 
might render the subsequent chemical separation difficult owing to the 
formation of a radio-colloid. Unless it is necessary to obtam a high 
specific activity it is often best in those cases where the radio-element 
obtained is different from the irradiated element to add a small 
of the inactive analogue of the radio-isotope to act as a carrier. The 
production of carrier-free material in high yield is usualty more diffi 
cu\t, but satisfactory methods (11) are available for extractmg from 

ultramicro-concentrations some of the commoner ^ 

131T 35S 32p 14Q 3H) in high chemical and radiochenucal purit> . bince 

radioacUve’specms obtained by (n.y). (n. 2n). 

isotopes of the irradiated element, the specific activity obtained n thes 
cases is limited by the cross-section and the number of bombardmg 
pTrUclL available^ This limitation may however, be ovex^ome to some 
extent with (n,y) and {n. 2n) reactions by use of the Szilaid-Chalmers 
effect, in which the active species is obtained from the nuclear process 
in a chemically different form from the isotopic target. 

A. Szilard-Chalmers reactions 

The reaction originaUy described by Szilard and Chahners (12) per- 
mits the isolation of radio-iodine in high specific activity from the bulk 
of neutron-irradiated ethyl iodide. A simple chenncal 
radioactive iodine (by shaking with potassium iodide solution or 
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water containing a little sulphur dioxide) is made possible by a change 
in the valency state of the iodine on neutron capture. 

When a nucleus undergoes an (n,y) reaction, the y-rays (usually 
referred to as the y-rays of capture) are emitted within a time of the 
order of 10'^^ sec. of neutron capture. The energy of these y-rays equals 
the binding energy of a neutron within the nucleus and is usually of 
the order of 7-8 MeV. To conserve momentum, the nucleus must recoil 
with an energy which can be shown by a simple calculation (13) to be, 
in general, greater than the binding energy of atoms in molecules. 

The energy of the y-photon {Ey) is 

Ey = hv 

where h is Planck’s constant and v is the frequency. Hence the momen¬ 
tum of the recoiling nucleus {p) is given by 

p = mV = hvjc = Eyjc 
and the energy of recoil {Ej^) is therefore 

Eji = \mV^ = p^l2m = Ey^mc'^, 

where m is the mass of the recoil nucleus, V its velocity, and c the 
velocity of light. 

In general not aU this energy is available for bond rupture since some 
appears as kinetic energy of the whole molecule (13). The smaller the 
mass (m) of the atom which is struck by the neutron, relative to the 
remaining part of the molecule (m'), the greater the chance of bond 
rupture, but even with heavy atoms if m' ^ m, bond excitation energy 
of the order of 80 eV can be expected. The energies of chemical bonds 
are of the order 2-5 eV, and there is therefore sufficient energy to 
cause rupture in such a case. 

In this discussion it has been assumed that only one y-ray is emitted 
per neutron, a postulate which is not necessarily valid. Since, in general, 
two or three (unrelated) y-rays are probably emitted, calculations based 
on observed values of Ey can only give an approximate estimate of the 
recoil energy. Assu min g a single y-ray to be emitted by each excited 
nucleus and using values of Ey obtained from experimental data, Siiss 
has calculated (13) values of the recoil energy [E'ji) for hydrogen- and 
carbon-halide bonds and has compared them with the energy of chemical 
binding {E^ in Table 5,2). The values of Ey w'ere obtained by an ab¬ 
sorption method and probably represent some arbitrary kind of an 
average. For comparison a similar calculation has been included in 
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Table 5.2 using the data for iodine given by Kubitschek and Dankoff 
( 14 ), who have determined the maximum values of Ey for a number of 

elements. 

Table 5.2 


1 

Ey (MeV) 

Aliphatic carbon bond 

Hydrogen bon 

d 


eV 

Eb I 

E'n 

eV 

k.cals. 

eV 

k.cale. 

tV 

Cl 

Br 

I 

6-2 

61 

4-8 

70t 

72 

69 ■ 

45 

•• 

31 

2-6 

20 

» % 

135 

23 

8-3 

18 

101 

85 

70 

4 » 

4-4 

3-7 

30 

14-5 

2-2 

0-8 

1-6 


Data from ref. (14). 

It is apparent from Table 5.2 that the recoU ener^ in most of the 
cases given is great enough to cause bond rupture. When the halogen 
atom is bound to a heavier atom or group (e.g. C^Hs) even greater recoil 
TZIes lre to be expected. For the iodine and bromine bonds ^vlth 
hydrogen, however, the recoU energy available appears to be too small 

for bond rupture. Siiss (13) has attempted to show 
that the HBr molecule does not in fact undergo bond rupture when the 
Iromine atom captures a neutron, by performing the reaction m the 
gas phase in the presence of acetylene, which reacts with bromine atoms 

Tut noT^th hyLgen bromide or bromme molecules^ , it lit Je°H b" 
tion of the acetylene were to occur, it could be assumed that httle H Br 

bond rupture is obtained. Considerable brommation was in fact ob- 

sZel Lt this cannot be regarded as infalhble evidence that bond 

ru^tuVe occurs, since such an effect might be caused Jy " 

hrLide molecules with a high kinetic energy 

capture of neutrons by bromine atoms) or by ionization of the activated 

“ore'iee radioactive halogen has been hberated by a Szdard- 
Chalmers process, another necessary condition for isolating it m h.g 
specific activity is that it should not recombine Math the parent mole¬ 
cule exchange with its stable isotopes present in parent molecules o 

ScoSw or undergone exchange with chlorate, separation of the 
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chlorine activity by precipitation of a small amount of silver chloride 
from the bulk of chlorine combined as chlorate would not have been 
possible. Another example is the separation of from permanganate 
ions, the radioactive manganese being isolated by precipitation of a 

small amount of manganese dioxide in acid or slightly alkaline solu¬ 
tion (16). 

Many other complex ions (whether cationic or anionic) may be suc¬ 
cessfully used in Szilard-Chalmers reactions, although it is sometimes 
difficult to know beforehand whether a given compound will be suitable. 
Steigman (17) has pointed out that resolution of a complex inorganic 
ion into optical enantiomorphs which are stable over long periods is 
evidence of small dissociation of the complex and exchange of the free 
ions with the complex must be small, so that such compounds should 
be suitable for a Szilard-Chalmers process. When iridium, platinum 
cobalt, and rhodium triethylene diamine nitrates, for instance, were 
bombarded in aqueous solution with slow neutrons, the free radioactive 
metallic ions were considerably concentrated by suitable chemical means 
after addition of carrier, as Steigman predicted from the fact that these 
compounds can be resolved into stable optically active species. In 
choosing a target for a Szilard-Chalmers reaction such indirect evidence 
relating to the rate of exchange (e.g. the rates of racemization, isotopic 
exchange, or dissociation, etc.) is always valuable. 

Under many conditions, the yield of a radio-isotope obtained by a 
Szilard-Chalmers process is not 100 per cent. Thus in the case of 
irradiated methyl iodide (as liquid) it was found (18) that only 40-45 
per cent, of the active iodine could be extracted by aqueous potassium 
iodide (containing a little sulphur dioxide). About 45 per cent, was 
shoAvn to be retained as methyl iodide, the remaining 10 per cent, being 
recovered using a little methylene iodide as carrier. Incomplete extrac¬ 
tion of the radioactive halogen was also obtained with liquid methylene 
bromide, bromoform, chlorobenzene, and bromacetic acid, and radio¬ 
active halogen was found both in the irradiated parent material and 
in the separated bromoform, carbon tetrabromide, dichlor-benzene, and 
methylene dibromide respectively. 

A qualitative theoiy to explain these phenomena in the liquid phase 
has been given by Libby (19). When a halogen atom of an alkyl halide 
captures a neutron, it recoils with an energy considerably in excess of 
chemical binding energies. It will lose energy largely by elastic colli¬ 
sions most effectively when it hits an atom of similar mass. If sufficient 
energy is lost from the active atom during collision, the struck molecule 
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wiU be disrupted. Then, if the radioactive atom now has insufficient 
enerey after collision to escape from the molecules surrounding it (the 
so-caUed molecular cage (20)). it wiU be held in the vicimty of the 
molecular residue with a high probabUity of combmation (i.e. reten¬ 
tion of activity results). On the other hand, if the energy of the active 
atom after coUision is sufficiently large to escape from the solvent cage 
but not large enough to produce further molecular dissociation, it will 
not be able to combine after another collision and it will emerge as a 

free halogen atom unless some side reaction occurs. 

This theory readUy explains the small retention obtained in the 

gaseous phase compared udth the liquid state, since 

to escape the influence of the surrounding molecules at the site ot 
collision is much less. Furthermore, the decreased retention in liquid 
state obtained on dUution of the target material with a solvent com¬ 
posed of atoms which are light by comparison with the active atom 
L also explained since the energy of the recoil atom is reduced pr 
dominantly by inefficient collisions with lighter atoms m which only 
tlZn enLgy transfer occurs. The active atom usually escapes from 
the^S of thfcollision in these circumstances. This theory also accounts 

from methyl iodide may „^de an experimental 

carbon tetrachloride in binary necessary 

f ^'Tt^be^a^^umdCa mole^le which it strikes (either carbon tetra- 

combined state can be estimated from tetra- 

diluent and its “cWm^de in’ different proportions 

chloride was mixed affreement vnth that estimated 
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cyclohexyl chloride obtained apparently being independent of the co 
position of the binary mixture. It was suggested that these obse^' 
tions could be explained by chemical capture of the free chlorine atonw' 

A variety of methods of separating activities obtained from Szilard 
Chalmers processes have been used. Partition between an aqueous and 
an organic phase is one of the most convenient, since many of the 
complexes and compounds suitable for Szilard-Chalmers reactions are 
soluble in organic solvents or are themselves immiscible with water 
Adsorption on metaUic powders or carbon (22) and coUection of the 
activity on charged electrodes (either in the gaseous (23) or liquid 
phases (24)) have been used. Thus, when neutron-bombarded triphenyl 
phosphate was fused and a potential of 2,000 volts applied to electrodes 
set in the melt, the radioactive phosphorus could be collected on the 
cathode in high yield (24). 

Szilard-Chalmers reactions have been used for the separation of many 
different radio-elements in high specific activity, and several examples 
are given in Table 5.3. More comprehensive data will be found in a 
review by McKay (25) and elsewhere (13). A limitation on the use of 
Szilard-Chalmers reactions in solutions with high radiation densities 
(such as obtained in a uranium pile reactor) has been reported. The 
products were of lower specific activity than expected from work with 
lower neutron fluxes, probably due to general decomposition by the 
intense neutron and y-fluxes (26), but significant enrichment is still 
obtained in several cases using solid targets, e.g. and ®®Fe from 
crystalline potassium ferrocyanide. 

Similar chemical effects may be obtained whenever compounds of 
this type are irradiated with slow neutrons (even though a Szilard- 
Chalmers reaction might not be specifically intended) and changes in 
the valency state of an element on irradiation are of frequent occurrence. 
Thus on irradiation of sodium phosphate (for the production of ^2?) 
appreciable amounts of radioactive phosphite are obtained, an effect 
which may cause confusion if not recognized. Relatively little is known 
about the mechanism of such reactions in the solid state. 

A method of obtaimng substituted organic compounds containing 
radioactive halogens which is closely allied to the SzUard-Chalmers 
effect has been described by Reid (27) and others. ^Vhen a pentane 
solution of iodine was irradiated wdth slow neutrons it was found that 
some of the radioactive iodine atoms combined with the pentane to give 
amyl iodide. Glueckauf and Kitt (28) have used a similar method for 
obtaining methyl bromide by irradiation of, for instance, dibromobenzene 
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Table 5.3 

Szilardr-Chalmers Processes 


Compound irradiated 


»”Te, ^’*Te, 
isixe 

|128I 

»»*Ir 

l»7pt 

i»9Au 

25»U 


Triphenyl phosphate in 
benzene 
Carbon disulphide 
Chlorate or perchlorate 

Vanadium S-hydroxy- 
quLnolate, or cupfer- 
rate in benzene 
Sodium vanadate 
Potassium permangan- 
ate 

Potassium forrocyanide 

Hydroferrocyanic acid 
Sodium cobalticyanide 

Triethylamine diamine 
cobaltic nitrate 
Arsine 

Cacodylic acid 

Sodium cacodylate 
Selenites and selenates 
Alkyl or aryl bromides 


Bromate 

Triethylene diamine 
rhodium nitrate 
Triphenyl stibine 
Antimony pentafluonde 
Ammonium metafluoro- 
antimonate 
Tellurates 

Alkyl or aryl halides 


lodate . . 

Triethylene diamine in¬ 
dium nitrate 
Diethylene diamine pla- 
tinous nitrate 
Alkaline auric chloride 
Sodium gold thiosul¬ 
phate 

Ammonium uranyl ace¬ 
tate 

Uranyl benzoylacetone 


Method of extraction of Szilard— 
Chalmers activity 

Aqueous partition or charcoal 
absorption 

Evaporation of excess 
Precipitation as silver chloride 
(or iodide) 

Precipitation as silver vanadate 
or aqueous extraction 

Adsorption on silver vanadate 
Precipitation as manganese di¬ 
oxide . . 

Adsorption on on aluminium 

hydroxide precipitate 

Ether extraction of ferric chloride 
Precipitation with a-nitroso-^- 
naphthol 

Reduction with zinc dust and 
acid 

Electric field 

Precipitation as arsenious sul- 
phide 

Shaking with magnesium oxide 
Precipitation as selenium 
Aqueous sulphurous acid. Other 
methods have been suggested 
Precipitation as bromide 
Reduction with zinc dust and 

acid 
Water 

Evaporation of excess 
Precipitation as sulphide 

Precipitation as tellurium 

Aqueous potassium iodide or 
sulphurous acid 
Precipitation as iodide 
Reduction with zinc dust and 

Reduction with zinc dust and 
CLOici 

Precipitation of colloidal gold 
Amalgamation 


References 

29 

30 

15, 16, 31 
32 


16. 33 
26 

34 

35 

17 

23 

36 

37 

38 

12, 15, 18, 
22 
16 
17 

26 


Precipitation of sodium uranyl 
acetate 

Adsorption on barium carbonato 
from acetone solution followed 
by solution in acid and repro- 
cipitation of barium carbonate 


38 

12, 18 

16 

17 

17 

22, 39 
22, 39 

40 

41 


in a recent review 


(25). 
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and acetic acid. When the bromine was liberated from the dibro 

benzene by a Szilard-Chalmers process, it reacted with the acetic^a^Vl 
to give radioactive methyl bromide. 

B. The Szilard-Chalmers method applied to nuclear isomers 
Szilard-Chalmers reactions are useful in the study of nuclear iso 
merism (42). Thus ^^Br exists in two isomeric states, that of the hiehr 
energy decaying with a half-life of 4-4 hrs. and emission of 0-0489 Lv 
y-ray to a ground state of 18 min. half-life which emits l3-partioles of 
1-99 MeV maximum energy. On shaking water with tertiary butyl 
bromide containing radioactive ®0Br it was found (43) that a lar^ 
fraction of the 18-min. daughter was separated free from the 4-4-b 
isomer although the 0*0489 MeV y-energy corresponds to an energy of 
recoU of only 2 x lO-^ eV which is far less than the energy required to 
rupture the carbon-bromine bond. (Some conversion electrons as weU 
as y-rays are emitted, but the energy of recoil is still of the same order 
as that of the y-photon.) Similar results were obtained when these 
experiments were repeated mth ethyl and n-butyl bromide and with 
sodium bromate for which the calculated recoil energy is also insufficient 
to rupture the bromine bond. It is believed that this effect is due to 
interaction of the y-rays with the orbital electrons, principally in the 
iC-shell. The resulting vacant positions are then filled by electrons 
from outer orbits and eventually positions become vacant which are 

filled by valency electrons. As a result the molecules become disrupted 
(42) and free bromine is formed. 

If such a mechanism obtains, the degree of molecular disruption 
should be related to the amount of internal conversion obtained. 
Seaborg et al. (44) have prepared the volatile diethyl derivatives of 
i27Te, ^^®Te, and ®®Zn, and have shown that the lower isomers of the 
tellurium isotopes could be separated from the gaseous phase on the 
walls of the vessel, but the zinc isomer could not be thus separated. 
The y-energies of the tellurium isotopes (88-5 and 106 KeV respectively) 
are much smaller than that of the zinc (430 KeV), which was too large 
to undergo substantial internal conversion with the K and L shells. 
Hence no separation of the zinc isomer is obtained (44). 

Methods of separating nuclear isomers similar to those employed in 
Szilard-Chalmers reactions have been used (14, 22, 42-45) (e.g. separa¬ 
tion on metallic foils, precipitation on carriers, electrolytic deposition, 
etc.). Apart from bromine and tellurium, the nuclear isomers of selenium 
(®^Se) have also been separated (46). 
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„ = 41 4 - 9 7 min. - 84 rm n^^ 


C. Fission products 

When the nucleus captures a slow neutron, the excited 

nucleus obtained divides into two fragments, usually of unequal mass, 

nf the resulting hssion products vary considerably and about 200 

radioactive isotopes of thirty-four elements (zinc to 
known to be obtained by nuclear fission at the present time. Becau 
S Z hLher neutron-to-proton ratio of uranium compared with ele¬ 
ments m the middle of the periodic table, elements formed m fission 
- r^f Tipiitrons Stability of the nucleus is obtained by 

A «a/vh nf the nrimary nuclei formed in hssion aecay uy 

tiission of ^particles through a chain of daughter radioactive isotopes. 

e.g. 

i39Xe -- 

The fraction of the number of fissions which give 

mrs.mmtreSSeTtau^^^^^^^^ 

the mass number, a curve such as ’^5 140 with a 

rutsp Lmu 

of the chain. There is some ^^'^ence hmve 

of a chain may be forme in epe (loneer-lived) later members of 

httle effect on the fission yie s o determining fission yields. 

•‘•'J “„.ixrf«»»» 
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220 


RADIO-ISOTOPE PRODUCTION 

(49). The nitrates are redissolved, and a precipitate of ferric hydroxid 
(as a scavenger to remove contaminating activities) is formed in th 
solution. After a further nitrate precipitation the barium may 



Fig. 5.2. Yields of fission product chains as a function 

of mass. 


separated as the chromate at a pH of about 4. (Recycling may also be 
necessary in this extraction—see Chap. I.) The strontium is then 
precipitated as the oxalate. If carrier-free material is required the 
barium and strontium may be co-precipitated with, say, lead sulphate 
from which the carrier-free barium and strontium may be separated 
by removal of the lead as chloride (via the carbonate and nitrate) (50). 

(c) Ruthenium is separated by distillation of the tetroxide, formed 
by oxidation vdth perchloric acid, or sodium bromate, etc. (51). This 
procedure is possible with or without the addition of carrier (see Experi¬ 
ment 16). 

{d) The 8-day iodine activity (^®H) obtained from fission products is 
more readily produced by neutron bombardment of tellurium. It may, 
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however, he isolated from fission products by steam distiUation ^ 
elementary iodine after reducing any higher valency states to iodide 

and subsequently oxidizing to iodine. 

The extraction of other radio-isotopes from 
more complex techniques. The most widely applicable method is that 
of elution^from a column of an ion exchanger (52) with complexmg 
2agenT-ch a. citric acid (see Chap. I). Other methods ba.ed on the 

standard separations of qualitative analysis have 

and if only one radio-isotope (which is not a rare earth) is 

the latter type of separation is suitable in most cases. For mdi^dua 

mTe (32 days)*, n ^iii-4 hrst*- i«Ce (3M days)* 

su ivr“rrrr 

jr4 .„d ..'p. -wch h.v. “-.r^ tSLdt s...; 

TP., «. oI .uBl.i.n.1, t th... «« >•• 

5;s.r:;T.'.ir™= - 

a rniniNO PBiKCirnES in the Choice oe a Tracer 
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following factors should be considered in the light of the experiment 
in hand and the measuring instruments available. 

(a) Energy of radiation. The energy of an a-emitter used as a tracer 
is of little consequence. The minimum practical j8-energy will depend 
on the measuring instrument available. ‘End-on* Geiger-Miiller counters 
with thin windows can be used to detect ^-emitters of low energy (e tr 

= 0*14 MeV) although the absorption is high. Since glass 
counters seldom have ^vindows thinner than 35 mg./cm.^ /S-emitters 

with an energy greater than 0-3-0-4 MeV are necessary with such 
counters. 

(b) Half-life of emitter. The use of a radio-isotope can, in general be 
considered impracticable if its half-life is more than ten times shorter 
than the time between production and delivery, or the duration of the 
experiment in which it is to be used (whichever is the longer). Within 
limits loss of activity by decay during transport can be overcome by 
rapid delivery and by dispatching sufficient initial activities to give 
usable quantities on delivery. Experimental work can continue as long 
as the activity can be accurately measured. If aliquots of the same 
size and composition are compared throughout the experiment, then 
the time equivalent to about six half-lives may be allowed, but this 
period may be extended in favourable cases by using increasing sizes 
of aliquots as the experiment progresses. However, if the aliquots con¬ 
tain increasing amounts of material, absorption correction factors which 
are sometimes large must be determined. The use of an isotope over 
a prolonged period of its life may involve the initial handling of large 
activities, and if activities determined throughout the experiment are 
compared at a common time, very large decay corrections may also 
be necessary. This is particularly undesirable since many half-lives are 
known to only a few per cent, accuracy and in addition the contribution 
of any longer lived radiochemical impurities may become significant 
towards the end of the experiment. 

(c) Specific activity. In many types of biological work the specific 
activity must be as high as possible because of the large isotopic dilution 
encountered and the limited uptake of some elements in the body. 
These experiments require effectively carrier-free material. Many appli¬ 
cations of radiotracers in chemistry, physics, and metallurgy can, how¬ 
ever, be carried out with much lower specific activities. In such cases, 
specific activities of the order of microcuries/g. may well be sufficient 
and dilution with inactive material may sometimes be desirable. Thus 
in an experiment using a liquid flow counter (capacity 0*3 ml.) an 
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activity of 10^ counts per minute was required in a 0*2 N solution of 
sodium chloride 2 days after irradiation (by which time the ^^Cl activity 
had decayed). In the pile it was convenient to irradiate i g. pellets 
of sodium chloride and the time of irradiation was 7 days (i.e. satura¬ 
tion), from which an activity of about lO^ disintegrations per minute 
of 2‘*Na activity was obtained 2 days after irradiation in a flux of 10 
neutrons/cm.2/sec. If the counter efficiency is, say, 5 per cent, a con¬ 
centration of about 3 g./l. will give the counting rate desired and about 
8-5 g./l. of inactive sodium chloride must be added to make up the 


desired concentration. r m 

On the other hand, even pUe-produced activities may not be of suth- 

cient specific activity for some purposes. Thus 10« disintegrations per 
minute of «Ca activity cannot be obtained under similar conditions in 
less than 38 g. of calcium oxide. Although this may to some extent 
be reduced by a longer time of irradiation, it is impracticable to use 
45Ca as a tracer for the study of calcium in microconcentrations unless 
it can be obtained in higher specific activity by other means. 

(d) Daughter activities. Whether the presence of a daughter activity 

is an embarrassment or not depends on the ratio of the 

the parent and daughter (see Chap. II) and to “"/''‘I 

relative energy of the emitted radiation (see p. 192). If the half-life 
the daughter is a few hours or less, any incidental chemical sepa,ration 
from a ^longer-lived parent during the experiment is not troublesome 
Sre thrfaughter can be allowed to grow to equilibrium before 
rTeasureLnt. In other cases removal of the daughter by chemical 
separation before measurement is usually necessary unless the daughter 
radiation can be screened from the measuring instrument without undue 
loss of efficiency in detecting the radiation from the paient 

(el Impurities. Target materials should be as pure as possible and fi ee 
from impurities which might give contaminating activities (seep. - )- 

Similarly, atoms of very high capture cross-section m the same mo 
cule as the target isotope should be avoided. 
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VI 


ERRORS IN COMPARATIVE AND ABSOLUTE 

COUNTING 

In this chapter we shall consider some of the precautions to be taken 
in the preparation of samples for radioactive counting in order that 
reproducible results shall be obtained. In the main the emphasis w ill 
be on the preparation of solid sources for ^-counting, but the techniques 
used for liquids and gases will also be considered. 

Even in the simplest use of a Geiger-Muller counter a number of 
factors such as the superficial area of the sample, the material of the 
tray used to mount the sample, the absorption of )8-particles in the 
bulk of the sample, and the scattering of the radiation must all be 
taken into account. In comparative measurement of activities of two 
sources of the same j8-emitter, many of these errors cancel, but in 
measuring absolute disintegration rates the correction factors must be 
known. Although not of general interest, absolute counting is some¬ 
times necessary and the methods used are discussed in the later part 
of this chapter. 

1. The Measurement of )5-activity in Solids 

Radioactive solids are usually assayed by mounting on a suitable 
sample tray which is placed near the window of a Geiger-Muller counter. 
Errors in measurement may be due to causes inherent in the prepara¬ 
tion of the sample or to the relative disposition of the sample and the 
counter (the ‘geometry’). 

A. Preparation of samples 

Radioactive material which may be converted to a sofid by precipita¬ 
tion from, or evaporation of a solution or by deposition from a gas is 
conveniently counted in the solid form. In most cases where the radio¬ 
active species is in solution, a solid source may be prepared by evapora¬ 
tion of a small volume (usually less than 1 ml.) on a sample tray. If 
the solid content is negligible, evaporation on a water-bath or hot¬ 
plate or by surface heating with radiant heat (e.g. by use of an infra¬ 
red lamp) is usually satisfactory provided the solution is not allowed to 
boil, as this causes losses by spluttering. If the solvent is very volatile 
and of low surface tension (e.g. diethyl ether), there is considerable 
danger of loss from the tray by the liquid ‘creeping’ over the edge. 
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In such cases it is advisable first to remove the solvent by 

and then to add a small quantity of a less volatile solvent ^ 
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red lamps oi by ev p Vipnted hollow metal cylinder) tends to 

by supporting the tray -^'^^^^^nd tl deduce deposition round the 
draw solid to the cen i should be as small as possible 

edges. For preference “iS emitters of ^-particles of more 

to reduce absorption o ' nie./cm.“ of material may be mounted 

than 1 MeV energy, up -nrhicint^ a loss of more than about 8 per 

on the sample tray withou in i , 1. „ errors will be much larger, 

cent., but for less energetic but if the radio- 

Corrections may be applied as ,,, , few 

directly (see p. 242). transferred to the sample tray as a slurry 
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the surface of the liquid. The slurry is then taken up in the pipette 
and transferred to the tray, fresh liquid being added to the centrifuge 
tube until all the solid has been removed. 


A number of errors may be introduced even in this simple procedure 
if care is not taken. Glass pipettes, for instance, should be made so 

that the tip reaches right to the bottom 
of the tube (see Fig. 6.1) as losses can 
occur if the pipette is too wide. The 
volatile solvent added to the precipi¬ 
tate should also be miscible with the 
mother liquor, since a small amount 
of the latter usually remains in the 
centrifuge tube. The centrifuge tube 
must not be attacked by the transfer 
liquid. Thus plastic tubes, often em¬ 
ployed because they are resistant to 
technique hydrofluoric acid, cannot be used with 
Slurry soiiie organic solvents. If water is used 
as transfer liquid the addition of a 

Fio. 6.1. Removal of specimen from drop of a Wetting agent may be an 
centrifuge tube. , . .j. ® j. 

advantage m aiding even spreading 

of the slurry. Plates and trays used for mounting solids should be 

entirely free of grease and dirt as this causes non-uniform distribution 


(a) Usual 
technique 


(b) Poor 


of material. 

It is not usually possible to transfer the whole of the precipitate 
in one operation and further transfers may be made after the initial 
portion has been evaporated, but care should be taken when making 
further additions that the first drop does not wash the dried residue 
away from the point of addition. If this should happen the whole pre¬ 
cipitate on the tray may be carefully distributed with a fine stirrer 
and allowed to settle before evaporation. If the composition of the 
precipitate is known, the efficiency of transfer may be checked by 
weighing. Alternatively losses may be estimated in some cases from 
the activity remaining on the pipette and centrifuge tubes. 

If the dried precipitate is loose and powdery, it may be fixed by 
evaporation of a few drops of a solution of collodion or cellulose acetate 
(1 mg./ml.) without materially affecting the weight. Precipitates such 
as lanthanum fluoride and barium sulphate usually give uniform de¬ 
posits on the tray when the solvent is evaporated by surface heating. 
Coarse precipitates such as silver chloride, heavy metal sulphides, etc., 
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of a small gasket. Though not universally applicable, a good method 
of obtaining uniform deposition is to electroplate the radioactive 
material on to the tray. Efficient stirring and long periods of electro¬ 
lysis are usually necessary for quantitative deposition. Although many 
other alternative techniques suggest themselves, the use of any parti¬ 
cular one is usually a matter of personal experience and preference. 

B. Size of sample area 

In this section we shall consider the effect of source size on counting 
efficiency in the assay of ^-activity by use of a thin-windowed Geiger— 

Muller counter. If we have a point source of 
^-activity (P), situated on the axis of an end- 
windowed Geiger counter, then the angle sub¬ 
tended by the counter window is larger than it 
would be if the source were situated off the axis 
at {P') at the same distance from the window 
(see Fig. 6.4). Since, in general, samples cannot 
be regarded as point sources, samples of the 
same activity but of different area will be 
counted ^vith different efficiencies. To estimate 
the geometrical efficiency of detection, a point 
source mounted on the end of a thin metal rod 
was presented (7, 8) to the window of a ‘bell- 
jar’ Geiger counter and the observed count was 
recorded at different positions both on and off 
the axis of the counter. The results obtained 

Fig. 6.4. Angle subtended shown in Fig. 6.5, from which it Will be seen 
by a circular window at a o ’ 

pointsource.displaeedfrom that the counting rate decreases as the source 
the axis of the counter, jg moved away from the axis of the counter. 

The decrease in efficiency of measurement for given displacements 
from the axis of a bell-jar counter may also be estimated geometrically. 
Thus in Fig. 6.4 if r is the radius of the counter ivindow, h the distance 
of the source from the window, and d the displacement from the axis, 
then the number of particles entering the counter from the point P 
on the axis will depend on the solid angle subtended at the window. 
This may be estimated from tables of the solid angles subtended by a 
disk at a point displaced from the axis (given by T^Uqvist (9) for 
different values of polar coordinates using the centre of the disk as 
origin). The percentage geometrical efficiency estimated in this way 
(which is not greatly different from the approximate results obtained 
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is close for djr < 0*6. The large deviations obtained with intermediate 
values of hjr for djr > 0*5 can be shown to be due to the error of 



Fig. 6.6. Calculated percentage errors for diiferent 
displacements of a point source. 


assuming that the value of h is the distance from the source to the 
window. In fact some larger, unknown distance should be taken to 
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aUow for the relatively insensitive part of the counter between the end 
of the wire and the window. 



Fig. 6.7. Calculated percentage errors for 

uniformly distributed circular sources. .Un.neteV 

^ -.eter of 
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the counter window (since the efficiency of counting falls sharply near 
the extremities of large diameter trays). The sample tray should also 
be placed very near to the counter window, but if this is not possible 
a large distance between the source and counter window should be 
maintained. In between these two extremes there is a region of maxi¬ 
mum difference in the efficiency of detection of two point sources P 
and P' at the same height from the counter, obtained when the angle 
subtended at P' is a right angle. 

The decrease in geometrical efficiency obtained when the activity 
is uniformly spread over a circular area may be estimated by integra¬ 
tion of the curves of Fig. 6.6. Fig. 6.7, which was thus obtained, 
expresses the activity observed for a uniform circular source of given 
radius as a percentage of the activity which would be obtained if all 
the source were concentrated on the axis of the counter, and is directly 
applicable to experimental results, provided that the activity is uni¬ 
formly spread over the surface and the source is circular. If poor 
distribution is obtained, considerably different efficiencies may result, 
and in the case of a source which is entirely concentrated on the rim 
of the mounting tray, the geometrical counting efficiency is the same 
as that of a point source situated at the same distance from the counter 
window and the counter axis, i.e. it may be interpolated from Fig. 6.6. 
It is thus essential in comparative measurements that sources should 
be uniformly distributed and of the same size. Otherwise considerable 
errors may be introduced due to differences in the efficiency of detec¬ 
tion of the radiation from the different sources. 

C. Self-absorption 

Unless the same weight of material is used in all comparative measure¬ 
ments, a correction for the absorption of )S-particles within the solid 
itself will be necessary when the sample weight is large enough for 
self-absorption to be serious. 

Consider a sample of thickness g (measured in mg./cm.^) with a total 
activity ag per unit thickness which would be observed if there were 
no absorption losses. The observed activity of a layer of thickness Sx* 
at a distance x below the surface will be approximately equal to 
Sa = age-t^^hx, where ft is the absorption coefficient of the /S-particles. 
The observed activity due to the entire source of thickness g is then 

g 

a = ttg j dx (1— 

0 ^ 


( 6 . 1 ) 
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Experimentally determined self-absorption curves have been found 
which closely follow this equation (10) in spite of the approximate 
nature of the exponential absorption law and the neglect of scattering 
effects (6, 11). Thus several curves have been published of the self- 
absorption of /5-particles from in barium carbonate. 

Now equation (6.1) may be written 


a 






= ^[1 —i/xV+4/^V—•••] 

— ^0 + 

If a the thickness of the source, is much smaller than the external 

absorption half-thickness (d, = 0-693/^ evaluated for 

an aluminium absorption curve) we may neglect aU except the first two 

terms. Hence ? = (6-2) 

Now, since g is small, 1 - can also be written to a first approximation 

equal to Hence if log(a/i 7 ) is plotted against g, a straight line 

be obtained if is small (12), although from equation 6.1) a 
linear semi-logarithmic plot obviously cannot be obtained for extended 
values of g Within limits, the deviations from linearity are not large, 
and we may therefore write the self-weakening law as 

“ = o„e-w, ( 6 - 5 ) 

9 

where „ is the internal absorption coefficient equal 
being the internal absorption halt-thickness lor « 

activity per unit thickness is 4a„. Comparing equations (6.1) and (6.3) 
we obtain =-^ [1 

Substituting g = 9i ^ ^ 0-693/gri we get 

j, ^ 

f^9k 
or 

Equation (6.4) may be solved graphically giving m = 

0-G^^gJd^ = lo94 


(6.4) 


or 


9i 


= 2-3d 


(6.5) 
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This relation is based on the assumption of the exponential laws for 

oth external and internal absorption. Although this derivation is 
approximate It leads to results which are in general agreement with 
experiment (12) within the limits given. The relationship (6.5) is useful 
when the external absorption curve is available, for estimating small 
self-absorption losses. Even in favourable cases, however, some devia¬ 
tion IS to be expected due to the differences in back-scattering obtained 
from samples used for determining internal and external absorption 
curves, and to the approximate nature of the absorption laws 

Two methods of estimating the self-weakening correction necessary 
lor a given ^-emitter arise from the above discussion. Firstly from 
the known external absorption half-thickness the self-weakening half- 
thickness may be estimated using equation (6.5). The absorption losses 
may then, in general, be determined with sufficient accuracy if the total 
correction is less than about 20 per cent. In the second method the 
self-weakening correction is determined by measuring the apparent 
activity for different thicknesses of source. The correction factors for 
a large range of source thicknesses may thus be compiled directly from 
a plot of the experimentaUy determined specific activity {ajg) against 
g. As far as possible, self-absorption corrections should be considered 
reliable only over that range of absorber thicknesses which has been 
experimentally measured, and then only for the same experimental 
conditions. For instance a plot of ajg (or Iog(a/gf)) against g should not 
be extrapolated to ^ = 0, since in some cases absorption plots are 
obtained in which maxima exist (see Fig. 6.8). Glendenin (13) has 
suggested that this maximum is due to scattering. If the source is of 
higher atomic weight than that of the sample mount, and a thin layer 
of sample is used, back-scattering will be predominantly caused by the 
mount. As the source thickness is increased, the proportion of the back- 
scattering due to the sample (of higher atomic number) is greater than 
the absorption by the sample. The counting rate thus increases until 


saturation back-scatter is obtained. Since the latter is higher than the 
saturation back-scatter of the sample mount, the apparent specific 
activity is initially higher than would have been obtained from a source 
giving constant back-scatter. Collie, Shaw, and Gale (14) have shown, 
however, that back-scattering alone does not cause sufficiently large 
increases in apparent specific activity entirely to account for the ob¬ 
servations. But they found that when the increase due to back-scatter¬ 


ing is combined with the maxima observed in external absorption curves 
with thin absorbers when the sample and absorber are very close together 


Fig. 6.8. 

(&) i 




la) Typical aelf-absoiption curve (^-particles from mesolhorium absorbed 

in burium-bcryUium fluoride). ai 

flf-absorption curves with maxima. Data supplied by P. U. bhau. 
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(also a scattering effect; see Chap. II), the shape of the observed self¬ 
absorption curves could be quantitatively explained. Extrapolation of 
a self-absorption curve to zero weight should be carefully considered 
from this point of view, especially when using a jS-emitter of low energy, 
for which very thin samples are necessary if the absorption correction 
is to be kept reasonably small. 

Scattering is also important when sources of the same emitter but 
of different composition are compared (15). This has been demon¬ 
strated by Yankwich and Wiegl who showed that the self-absorption 
curves of in barium carbonate and in Ceresin wax were appreciably 
different, due to different back-scattering from the two sources. This 
effect may also be important in comparative measurements of sources 
of different composition where no self-weakening correction would 
normally be necessary. A further correction in self-absorption curves 
has been suggested by Reid et al. (15) to allow for oblique travel of 
^-particles through the sample. The effective absorber thickness is then 
greater than that measured perpendicular to the plane of the sample. 
However, Yankwich, Norris, and Houston (11) found that this error 
as experimentally determined was less than the error of reproducibility 
of samples (i2 per cent.) although the calculated correction was much 
larger. 


D. Infinitely thick sources 

If the energy of the )S-emitter is low, or the source is very thick, it 
may be permissible to regard it as infinitely thick—i.e. if the thickness 
is further increased, no increase of activity is obtained since the )3- 
particles from the lower layers are absorbed in those nearer the surface. 
From equation (6.1) it will be seen that when g is infinite 

floo = 

Hence a^, the activity per unit mass of source, may be estimated from 
the total observed activity a«, and the external absorption half-thick¬ 
ness. Measurement of sources of effectively infinite thickness is more 
common with liquids than with solids, but is a useful technique when 
the counting rate must be increased as much as possible. If y-rays 
are also emitted, an observed count which increases with thickness 
will be superimposed on a constant /3-count at infinite thickness, since 
y-rays are practically unabsorbed in the thicknesses of samples 
normally used. 
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E. Preparation of uniformly distributed thick samples 

It wUl be seen from the preceding sections that from a prac ica 

point of view the preparation of reproducible and f f 

Lmples which are free from fissures is important ,f consistent results 

are to be obtained, particularly if j8-emitters of low energy are used. 

In the following discussion attention 
will be confined to methods of pre¬ 
paring samples of and since 
procedures which are satisfactory foi 
them are equally suitable for use with 
emitters of more energetic ^-particles. 

Some relaxation of the precautions 
may even be possible in the latter 

case. 

Eor 6-counting, a solid source is 

A ^ 1 
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a convenient metal such as bra^s and of a diameter suitable for it to 
e rectly presented to the window of a Geiger counter. The perforated 
base of the cup is covered ^vith two layers of moistened filter-paper 
e ower one to lessen the deposition of precipitate round the holes 
during filtration. The upper filter-paper, which is large enough to line 
the sides and base of the cup, is carefuUy pressed down with a close¬ 
ting cylmder. The edges are trimmed off close to the rim of the brass 
cup and sealed to the metal whilst still moist with a little molten 
paraffin-wax. FinaUy the funnel and paper are washed with acetone 
and ether (avoiding contact with the paraffin wax), sucked dry and 
weighed In use the slurry is added to the filter in equal fractions and 
the mother liquor is drawn through the funnel before the next aUquot 
IS added. Slight suction is applied untU the surface is uniformly covered 
with a layer of precipitate, after which vigorous suction may be appUed. 
After weighing and drying, the activity is measured. Using this method 
(which is of wide application) results which were 100*2^0*4 per cent, 
of the theoretical yield were obtained in four cases. 

Although special apparatus has been used in these two examples, 
they well illustrate the principal precautions which should be adopted 
to obtain uniformly distributed samples of known thickness. Similar 
precautions should, as far as possible, be employed as a general practice 
with the simpler apparatus described above (p. 226). 


F. Supports for radioactive samples 

Sample supports should be made of some readily available material. 
It is impracticable to use each support more than once since it is rarely 
worth while cleaning them for further use. Aluminium trays are con¬ 
venient, but cannot be employed with acid (except nitric) or alkaline 
solutions. Copper, nickel, stainless steel, or in special cases platinum, 
have been employed, and other metals may also be suitable under special 
experimental conditions. For corrosive liquids, small (l-in, diameter) 
watch-glasses are very useful and in some cases microscope coverslips 
or slides can be used. In general, the mount should not be so thin as to 
break or buckle readily, since this leads to the possibility of variable 
countmg efficiencies with distorted trays. For a l-in. diameter tray 
a thickness of 0-015 in. of aluminium is reasonably robust. It is desirable 
to have a wide variety of trays available for use with different media, 
but it should be remembered that trays of different atomic weight will 
not have the same back-scattering properties, so that if several types of 
tray are used in comparative measurements, corrections should be made. 
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Trays are usually circular and may be flat or cupped (see Tig. 6.10). 
A tray with sharp shoulders has the disadvantage that solution and 
solid tend to concentrate in the corners so that the sample is not uni¬ 
formly distributed. On the other hand, such trays will hold larger 
samples. Spherical trays (Fig. 6.10c), designed 
so that each point of the surface is at the same 
distance from the centre of the counter \vindow, 
have been used, but it is difficult to prevent the 
outer edges of the sample from being appreciably 
thinner than at the centre. 

For general use, results obtained with flat trays 
are accurate to within ^5 per cent, with reason¬ 
able care. The usual flat aluminium trays are 
only about J in. deep, but can be much deeper 
in some cases. Small, flat-bottomed silica or 
porcelain dishes employed as ashing crucibles 
may be used to count the ash directly after pack¬ 
ing do\vn, thus reducing the possibility of loss by 
transfer and affording a considerable saving of 
time. Flat circular plates are sometimes con¬ 
venient, and since there is no chance of accumulation of material at 
corners, reproducible results are more readily obtained. They suffer 
from the disadvantage that only about 0* 1-0*2 ml. of aqueous solution 
containing a total of only a few milligrams of solid can be evaporated on 
a surface area of about 1 cm.and with liquids of low surface tension 
(e.g. ether) even smaller volumes must be used. Reproducibility of 
sampling to ^vithin per cent, may, however, be obtained with care¬ 
ful work. When the elimination of back-scattering is important, the 
sample may be evaporated on a thin sheet of some plastic material 
(say 0*5-5 X 10“® cm. thickness), and supported by an adhesive over a 
hole in a base plate. 

2. Mounting of Solid <x-active Samples 

Owing to the small range of oc-particles in matter, the mass of active 
material which is mounted should always be kept to a minimum. 
A thickness of 1 mg./cm.-, for instance, may cause a loss of activity of the 
order of 5 per cent. An estimate of absorption losses may be made by 
direct calibration of a given experimental arrangement, or in some cases 
from the range of the a-particle knovdng the thickness of the source. (The 
percentage loss of a-particles from an infinite, uniformly distributed 
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source of thickness d is approximately c//2R, where R is the range of 
the oi-particle in the same units as d.) 

In pulse ionization chambers it is usual to mount sources on flat plates 
so as to avoid protruding points from which spurious discharges might 
be initiated. Spurious discharges obtained from the surface of an 
irregular powder may often be eliminated by re-evaporation of the 
sample with a little added solvent. Plates may be made of glass (e.g. 
microscope coverslips), copper, stainless steel, platinum, etc. As it is 
usually desirable to ignite a-samples, aluminium cannot be used. Plati¬ 
num is often favoured, but it is sometimes difficult to remove traces 
of activity, particularly when the source has been ignited. Less ex¬ 
pensive materials are frequently employed instead and discarded after 
use. Back-scattering of a-particles does occur, though to a much less 
extent than with ^-particles. The amount of back-scattering is small, 
increasing with atomic number, and is about 2-3 per cent, on platinum! 
As the back-scattering is limited to smaU angles, it will be significant 
only in ion-chambers and proportional counters of 50 per cent, geo¬ 
metrical efficiency. When co-precipitants are used to carry the activity, 

back-scattering may be largely due to the material of the carrier rather 
than the mounting plate. 

For purely comparative experiments, shallow saucer-shaped trays 
may be employed, but to avoid spurious discharges the depression 
should not be deep. In such cases the geometrical efficiency of an 
ionization chamber may be somewhat reduced. Small watch-glasses of 
1 in. diameter are frequently used for mounting a-emitters in air 
ionization chambers, and provided the working stock is reasonably 
uniform in thickness, diameter, and curvature they are satisfactory. 
Introducing such a plate of high resistance into an ionization chamber 
may disturb the field in the chamber and allow recombination of the 
gaseous ions to occur, although this may be prevented by use of a 
chamber such as shown in Fig. 3.11. 


3. The Measurement of ^-activity in Liquids 

Many radioactive isotopes such as ^^Na, ^zp, ssg yged in medical and 
biochemical research, are available in tracer concentrations in aqueous 
solutions of high specific activity. To measure such activities it is often 
convenient to use an immersion counter rather than to evaporate and 
count an aliquot. Quite small quantities of liquid can be assayed quickly 
in this way, the absolute activity being determined by comparison with 
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a liquid of known activity (see below). Another technique is to present 
a counter to the liquid surface contained in a small cup or beaker, 
although evaporation losses may sometimes be serious in this case. 
Evaporation may be reduced by sealing the liquid surface with a thin 
film of plastic, obtained by evaporation of a few drops of a dilute 
solution of the plastic in a non-miscible solvent on the surface of the 
liquid. 

In coimting with radioactive liquids the greatest losses occur by self¬ 
absorption in the liquid itself. Only a few centimetres of water, for 
instance, are sufficient to absorb even very energetic ^-particles. In 
consequence, the absolute efficiency of counting with liquid sources is 
small. The observed activity is largest, of course, when the depth of 
liquid near the counter is greater tlian the maximum range of the 
^-particles (17). 

Several different techniques may be used for the determination of 
the jS-activity of static and flowing liquids, and possible causes of error, 
some of which are common to both, are considered below. 

A. Preparation of sample 

Adsorption of activity on the glass walls of the counter or of other 
apparatus may cause erroneous results when the radio-isotope is present 
in ultramicro-concentrations, and it may be necessary to add a few 
milligrams of carrier per ml. to reduce losses of activity from solution. 
In comparing activities of solutions of macro-concentrations, correc¬ 
tions should be made for density changes to allow for differences in 
absorption of j8-particles in the solution. Thus the density of saturated 
barium chloride is 30 per cent, higher than that of water, and)3-activities 
of a saturated solution of barium chloride (containing should 

not be directly compared \vith radio-tracer concentrations of 
without applying a correction for the different absorption properties 
of the solutions. Similarly, if two different solvents are used, a cor¬ 
rection for difference in density should be made. 

Care should always be taken to ensure that comparative measure¬ 
ments are, so far as possible, made under similar conditions. To this 
end the thickness of liquid suiTounding the counter should either be 
kept constant by use of a rigid annular sheath attached to the counter 
(see Fig. 3.28) or should be sufficiently thick for it to be regarded as 
infinite. Similarly the depth of immersion of the counter should be 
constant, which may be ensured for counters of the above type (Fig. 
3.28) by accurately measuring the volume by pipette. 



244 ERRORS IN COMPARATIVE AND ABSOLUTE COUNTING 

B. Absorption losses 

The use of a liquid immersion counter should, as far as possible, be 
confined to a single emitter in solutions of the same density, under 
which conditions absorption losses may be neglected. In other cases 
the estimation of absorption losses in the window of a cylindrical im¬ 
mersion counter is complicated by the difficulty of estimating the true 
absorption thickness, though it would appear to be simpler for immer¬ 
sion counters with planar windows. If it is not possible to measure 
directly the thickness of the window of a counter it may be estimated 
experimentally, and it is probably advisable to check the window thick¬ 
ness even if it is known, since it is possible for the effective thickness 
to be much greater than the true thickness. Reid has shown (15) by 
using coaxial sources close to a cylindrical counter that it may be as 
high as 2-16 times the true thickness. 

The effective thickness of a counter window may be roughly esti¬ 
mated by measurement of the efficiency of counting emitters of several 
different energies over a range of thin liquid layers. Equal aliquots of 
solutions of the various emitters are evaporated to drjmess and the 
activity determined as a solid of negligible weight using the same 
geometrical arrangement of Geiger counter and source. After correc¬ 
tion for coincidence losses, etc., the relative absolute disintegration 
rates per ml. of the different emitters may be estimated. The counting 
rates for different liquid thicknesses of each emitter are now determined 
with the cylindrical counter and divided by the relative absolute dis- 
integration rate, thus giving the apparent efficiency for various liquid 
thicknesses. If the graphs obtained by plotting the apparent efficiency 
against the thickness for each emitter are extrapolated to negative 
values of the thickness until they meet, this will be the effective window 
thickness, expressed as the equivalent thickness of active liquid (see 
Fig. 6.11). Internal absorption half-.thicknesses are approximately equal 
to 2-3 times the external absorption half-thicknesses. Hence, since the 
counter wall is regarded in Fig, 6.11 as a continuation of the liquid 
source, it has an effective liquid thickness of 2-3 times the true glass 
thickness (18) (see equation 6.5). 

Corrections for the absorption losses in the counter window may be 
made from the effective thickness, assuming an exponential absorption 
law. For absorption losses occurring in the liquid, however, a more 
complicated expression must be used, which may be derived as follows: 

Consider a counter of radius r, and length 7 (see Fig. 6.12). The 
observed activity due to the contribution of a thin cylindiucal shell of 
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Fig. 6.11. Determination of tho effective window thickness of 

a liquid immersion counter. 



Fig. 6.12. Diagrammatic representation of a liquid 

immersion counter. 
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liquid of thickness at a distance x from the outer surface of the 
^vindow may be estimated by assuming the exponential absorption law. 
Although this assumption is only approximate, and the following two- 
dimensional derivation neglects factors such as scattering, etc,, reason- 
ably good interpretation of the practical results is obtained when the 
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Fig. 6.13. Experimental curves of Walton and Thom. 

thickness of the liquid layer is small compared with the diameter of 
the counter. In Fig. G.12, if is the number of disintegrations occurring 
per unit volume of solution, then the number of ^-particles incident 
on the counter window is approximately given by 

d 

a = J J 27T{x-\-r)la^e-f^^ dx. 

0 

The factor J enters since equal numbers of ^-particles travel in opposite 
directions. On integration this becomes 

from which it will be seen that the observed activity increases as an 
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exponential function of the liquid thickness (for d < R), This has been 
conhxmed by experiment (18) as shown in Fig. 6.13, in which aja^ is 
plotted against the thickness of liquid for several /8-emitters. 



Fig. 6.14. Plot of G«>/ap(14- 1/^tr). 


When the source is infinitely thick, i.e. is greater than the range, 


equation (6,6) becomes 



(6.7) 


Hence aJag{\-\-\lyir) is plotted against l//i (or rfj, expressed in mg./ 
cm.2) a straight line is obtained, as shown in Fig. 6.14. For and 
small corrections for the contribution of y-rays have been applied 
to the estimated value of a^. Thus it will be seen that although equation 
(6.7) rests on somewhat dubious assumptions, it reasonably describes 
the behaviour of liquid counters. Unfortunately, in order to apply these 
equations to estimate absolute ^-activities with any accuracy it is 
necessary to determine the effective thickness of the counter window 
and the thickness of the liquid sample by experiment. It is simpler 
therefore and more accurate to calibrate the counter prior to measure¬ 
ment vdth a solution which has been standardized by another method. 
Liquid counters of fixed geometry are often used in this way as sub¬ 
standards in medical work. 
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In comparing ^-active Uquids by means of an immersion counter 
equations (6.6) and (6.7) give some indication of the difficulties. Thus 
the annular space in some designs of counter may be insufficient for an 
effectively infinite liquid layer of one ;8-emitter, but more than enough 
or another. Although this is not serious when measurement is con¬ 
fined to a single ^-emitter, it follows that the maximum pbssible count¬ 
ing rate is not obtained in all cases. Equation (6.6) also demonstrates 
that even a small increase in the thickness of the Hquid wiU result in 
a large difference of counting rate, and therefore in comparative measure¬ 
ments a reproducible thickness of Uquid layer is essential. Nevertheless 
in using a Uquid immersion counter with a fixed jacket to contain the 
liquid (the assay volume of which is therefore constant), the observed 
countmg rate is directly proportional to the activity present, provided 
measurements are confined to a single emitter. No corrections for ab- 

so^ition loss are necessary unless the densities of the solution are 
dmerent. 


G. y-counting with an immersion counter 

Because of the great penetrating power of y-rays, large thicknesses 
ot liquid are necessary before an effectively infinitely thick layer can 
be assumed. Careful control of the liquid thickness is thus desirable 
and equation (6.6) (m the derivation of which thin liquid layers are im¬ 
plicit) IS therefore not valid. But in large tanks, in which the Uquid 
thickness can be regarded as infinite (i.e. about ten half-thicknesses) 
the observed y-activity is 3-7 x 10’I:Cs/8/i, where k is the efficiency 
correction, C is the number of curies of y-activity per litre, s is the 

surface area of the counter, and ^ is the external absorption coefficient 
lor y-rays in the medium. 

D. The determination of ^-activity in flowing liquids 

The raffioactive content of a flowing liquid can conveniently be 

mei^ured by one of the methods shown in Figs. 3.29 and 3.30. In such 

techmques several factors must be taken into account if errors additional 
to those mentioned above are to be avoided. 

Consider first the dimensions of the tube used to carry the Uquid. 

diameter may be as large as desired, consistent 
with the flow rate and assay volume (i.e. the volume of Uquid in the 

counter) being convenient for experimental use. With jS-emitters, on 

he other hand, there is no advantage in having the carrier tube of a 

diameter greater than necessary for counting to infinite thickness, i.e. 
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of the order of twice the range of the /3-particles in the liquid. Since 
it is rarely practicable to use a tube diameter of more than about 2 mm., 
counting to infinite thickness is not usually obtained with the majority 
of /3-emitters. The wall thickness of the tube used to carry the liquid 



Fio. 6.15. Distribution of activity in a flow counter. 

may be great enough, however, to prevent the use of such a counter 
w’ith the emitters of low energy. For /3-emitters of more than 0-5 MeV 
the commercially available counters are satisfactory, but for ^-emitters 
of lower energy, absorption losses may be reduced by a technique such 
as showTi in Fig. 3.29a, With this arrangement the conversion electrons 
of element ®®Tc {E = 014 MeV) can be detected. 

Boundaries between inactive and active species and concentration 
gradients in liquids may be disturbed by turbulence, etc., if the flow 
rate is too fast, and likewise diffusion of ions across a boundary may 
cause it to be seriously distorted if the flow rate is very slow'. The best 
conditions for operation may be ascertained experimentally by measur¬ 
ing the distortion obtained by replacing an inactive liquid in the counter 
by an active liquid with a sharp front between the two. Even if there 
are no disturbances due to the above causes, how'cvcr, it is quite possible 
for misleading results to be obtained on account of the finite size of 
the liquid sample contained in the flow' counter. These errors may be 
particularly serious w'hen the flow' rate is very small, or when there 
are sharp discontinuities in the distribution of activity. 

Consider Fig. 0.15, which represents the distribution of activity in 
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a volume AB equal to the capacity of the counter. The specimen in 
the counter is assumed to be unchanged during the short period of 
measurement. Let the shape of the curve CED be given by a = f(v) 
The total observed activity recorded by the counter will be given by 
the area of the curve CED and equals 

J f(^)dv, (6.8) 

where the volume of liquid which has already flowed through the 
counter (measured from the mid-point O) is v, and v, is the capacity 
of the counter. Now the true activity of the volume v, measured at 
the centre of the counter, is equal to f(v) and this wiU be the same 
as the observed activity only when the radioactive content varies 
linearly with the volume or is constant. When the two are not the 
same it is difficult to estimate directly the difference without knowing 
the form of the variation of the true activity. A rough estimate may 
be made from the observed activity-volume plot by erecting ordinates 
at mtercepts on the volume axis equal to the counter volume and 
determining the average activity for each counter volume by graphical 
integration. If the observed curve truly represented the distribution 
of activity existing in solution, then the error obtained by use of a 
counter of finite volume (v^) would be given by the difference between 
the activity at the mid-point of each counter volume and the average 
activity obtained by graphical integration. This error will be roughly 
equal to that in the original observation, so that a closer approximation 
to the true distribution of activity may be obtained by combining this 
error with the observed curve. 

If the liquid flow rate is not small enough to assume that the specimen 
of liquid in the counter is unchanged during the period of measurement, 
the observed activity during the passage of a volume of {where 

Vi and V 2 are the observed volumes at the commencement and com¬ 
pletion of counting) must be integrated over the volume passed. If the 
activity is not constant with volume, the true distribution of activity 
may be estimated by a method similar to that used above. Due aUowance 
must be made for the lower contribution to the total count, of liquid in 
the counter at the beginning and at the end of the period of measure¬ 
ment, which will not be counted for as long a period as liquid passing 
right through the counter during the measurement. 

Fortunately these corrections are necessary only when there are rapid 
changes of activity during the period of measurement. Under most 



261 


^-ACTIVITY IN LIQUIDS 

conditions it is permissible to assume that the observed activity is the 
true activity. A special case, however, is the use of flow counters to 
determine the shapes of very sharp boundaries such as those obtained 
when an active ion is replacing a less strongly adsorbed inactive species 
in an ion-exchange column. If an ideally sharp boundary exists between 



Fig. 6.16. Shape of observed boundary for sharp front. 


the two, diagrammatically shown by OABE in Fig. 6.16, then the 
observed activity should follow a line such as ODCK. (The volume 
of the counter is 2/)v4.) Observed boundaries seldom follow such a 
straight line but have their edges somewhat rounded off. If, however, 
the tangent to the boundary at the point of inflexion (G) is drawn and 
this cuts the abscissa at a point B such that BA is equal to half the 
counter volume, it is permissible to assume that the boundary approxi¬ 
mates to a sharp front such as OABE. A point P observed on the 
linear portion then corresponds to a i)oint P‘ on the true boundary. 
If the observed boundary is to some extent distorted at its edges and 
has a form such as OEGHE, the point F on the observed boundary 
eannot be assumed to correspond to P' on the true boundary. An 
approximate estimate of the true position of the corresponding point 
may be made by subtracting PP' from FP' to give the x>oint F . By 
this means all points on the boundary of a curve OBF'GH'E, approxi¬ 
mating to the true boundary, may be obtained. 
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Very frequently, distorted sharp boundaries which approximate to 
linear boundaries such as OAB in Fig. 6.17 are obtained. In such ca^es 
the observed boundary will be CEDFGB. If the volume origin is 
assumed to be at the point O and volumes are measured at the centre of 



Fio. 6.17. Shape of observed boundary for linear front. 


the counter, then the equation to the curve CED is given by letting 
f {v) = kvm expression (6.8) above (assuming the true boundary to be 

linear). Hence the observed activity is 


v+ H'e 


a = j /cv dv 


It will thus be seen that the observed counting rate increases para- 

bohcally from the point C to the point 7), each of which are at a volume 

from the origin. At the point D the limits of the integral become 
to V—and 

a — kv. IQj 

Hence the observed activity increases linearly and is equal to the true 
activity given by DF. 

It shouW be noticed that at the point D the slope of the curve CED 
does not become equal to k, but is 


— - - 

^ = /:(u+-Jtg. 

Thus there is a discontinuity both at the point D, and also at the 
correspondmg pomt F on the tail of the boundary. If an observed 
boundary is of the shape CEDFGB, and it is known that the ideal 
boundary is Imear, or the line DF is visibly Unear, then the true curve 
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may be constructed as follows. The line FD is produced, or the tangent 
at the point of inflexion of the boundary is drawn, to cut the abscissa 
at O, which is taken as the origin. The slope k of the line ODF is 
determined, and knowing v^, the equation concsponding to equation 
(0.9) is constructed for this particular boundary. The values of are 
then computed for different values of v between the limits —(point 
Cj to (point D) and the curve CE'D constructed. Finally the 

curve CE*JD is subtracted from the observed boundary {CED) to give 
the true boundary, CE"D, which would have been obtained if the 
capacity of the counter liad been zero. A similar calculation can be 
performed for the portion of the curve labelled FGB regarding A as 
the origin. Corrections may likewise be estimated for boundaries 
described by other mathematical functions. 

4. The Measurement of ^-activity in Gases 

The /3-activity of a gas may be estimated by presenting it in a sealed 
container to the window of a counter, and it may sometimes be con¬ 
venient to absorb the gas on a suitable material (e.g. charcoal) before 
sealing the vessel. Such a method is possible only for ^-emitters of 
sufficient energy to penetrate the walls of the container. In this tech¬ 
nique errors similar to those occurring in measurement of radioactive 
solids, viz, extemal absorption, finite source size, back-scattering, etc., 
are possible. 

A more common technique is to introduce the ga^s into a counter 
together with an argon-alcohol or similar counting mixture. The pio- 
portion of radioactive gas should be maintained constant in any series 
of comparative measurements or should be known. The total gas 
pressure should also be constant, since increasing the pressure not only 
introduces more radioactive gas but also increases to some degree the 
voltage necessary for operation in the Geiger region (although this effect 
is small). Except where necessary, as in the estimation of tritium as 
water vapour, the gas should also be dr 3 '^, since the presence of water 
vapour increases the dead time of the counter and may give poor Geiger 
characteristics (see Brown and Miller (19)). The dead time of the 
counter w ill also depend on the composition of the gas. If this is varied 
widely the dead time should be determined experimentally for each 
filling, unless the paralysis time of the Geiger assembly is electronically 
set longer than any likely dead time of the counter. Alternatively the 
counting rate may be restricted to low values (less than 2,000 counts/ 
min.) when the corrections for dead time losses will be small. 
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Gas counting is most frequently used for the determination of the 
activity of less energetic j8-emitters such as ^“*0 (0*14 MeV) and 
(0-016 MeV). For tritium, a mixture of hydrogen (containing ^H) at 80 
cm. pressure and 1*5 cm. alcohol has been used (4), but a poor Geiger 
plateau is obtained and it is necessary to maintain the applied potential 
constant within about a tenth of a volt. The natural background of 
the counter is determined in such cases by introducing inactive hydrogen 
in the same proportion as the tritium. It is usually better to assay 
tritium as the oxide in a counter filled with a standard 9:1 

argon-alcohol mixture, but since water vapour should only be used at 
low pressures, this technique is sometimes troublesome (19). Some 
authors recommend that the water-vapour pressure should be kept 
below 0-2 cm. mercury and others that it should be below 0-5 cm. (4) 
Fontana (19) has reported, however, that pressures up to 1 cm. mercury 
are practicable if the tritium oxide is mixed with about 2 cm. mercury 
pressure of a suitable hydrocarbon vapour (e.g. propane). When tritium 
can be conveniently incorporated in an organic molecule such as me¬ 
thane, ethane, acetone, ether, benzene, etc., it may be assayed by 
introducing such a compound directly into the counter together with 

the standard filling. Condensation may sometimes be troublesome in 
this case. 

Carbon dioxide is the usual form in which is assayed as a gas 

and for comparative measurements a mixture of 5 per cent, carbon 

disulphide in 20 mm. pressure of carbon dioxide is a satisfactory 

counter filling (19). Organic vapours containing ^^C can be used, but 

may not be entirely satisfactory due to condensation of active material 

on the waUs. An alternative method of assay is as soUd barium 
carbonate. 

After each measurement with a filling of active gas the counter should 
be flushed out with several times its volume of inactive gas to remove 
all traces of activity. Gas counters are subject to ‘memory effects’ due 
to adsorption of gases and vapours on the walls, and complete removal 
of active material is sometimes difficult, particularly with vapours. 
(Tritium gas is very strongly held on the waUs of counters.) It is also 
necessary to allow some time (of the order of 15-30 min.) to enable the 
gases to mix and achieve adsorption equilibrium before counting. 

Two other methods may be used for the assay of gases. Gas-tight 
Lauritsen electroscopes have been designed (20) for the measurement 
of and ^“*0, and an ionization chamber used in conjunction with 
a vibrating reed electrometer affords a very stable and sensitive 
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instrument for measurement of /3-emitters of low energy (20) (see 
Chap. III). 

5, Absolute /3-countino 

The measurement of absolute disintegration rates is clearly necessary 
in biological and medical work for determining radiobiological doses. 
To the chemist absolute counting may be necessary in determining the 
fission yield of a given species, or the capture cross-section of an isotope, 
and all factors relevant to absolute counting also enter into an accurate 
comparison of the activity of /3-emitters of different energies. 

Although a number of the errors mentioned above are small under 
conditions where comparative measurements are being made, as soon 
as it is necessary to determine the accurate /S-disintegration rate of a 
source great care must be exercised in the interpretation of the results. 
Two general methods of determining the absolute /3-disintegration rate 
of solids are available. The first, in which the number of particles 
emitted in a defined solid angle is measured, is applicable both to pure 
/3-emitters, to those also emitting y-rays, and to positron emitters, 
although corrections must be applied to allow for the electromagnetic 
radiations in the latter two cases. Methods depending on coincidence 
measurement, which is the second general technique, are applicable in 
cases in which there is simultaneous /3 and y emission, but the method 
is difficult to apply when the decay scheme is complex. 

A. Defined solid angle method 

Assuming that the /3-particles are emitted from a point source iso¬ 
tropically and all the particles in a solid angle (0) are detected by the 
Geiger counter, the proportion of the emitted particles which would 
be observed is 0/47r. In practice, however, sources cannot normally be 
regarded as point sources, and corrections must also be applied to allow 
for absorption and scattering. 

The recorded /9-particle counting rate (.r) of a radioactive sample 
after conection for background, dead time, etc., is given hy x = absG, 
where a is the disintegration rate, b is the correction factor for ^-particle 
absorption in the counter window and air gap, .s is the correction for 
the scattering of particles towards and away from the sensitive volume 
of the counter, and G is the geometrical correction dj^iT. 

The factor b and its determination have been discussed earlier (Chap. 
II). Conections should be applied for the absorption in the air and 
the window of the counter, and also if necessary for absorption in the 



256 ERRORS IN COMPARATIVE AND ABSOLUTE COUNTING 

source. There are several contributions to the scattering factor s. Firstly 
there is air-scattering, which has been studied by Zumwalt (21) 
by observing the effect of thin films of polystyi-ene (of atomic number 
approximately equivalent to that of air) at various positions between 
the source and counter. As might be expected, air-scattering increases 
with distance and decreases with increasing energy of the j3-emitter 
At 5 cm. from the counter the air-scattering factor was 1*02 for and 
1-05 for 1311. Back-scattering from the mount should be reduced as 
much as possible by mounting the source on a very thin plastic film 
of the order of 1 mg./cm.^ thickness, when a correction of about 1 per 
cent, is necessary. In some cases films of only 50 /xg./cm.2 have 
been used, and back-scattering was neglected (22). Scattering from the 
sample itself is avoided by using effectively weightless sources. Scatter¬ 
ing from the lead castle is reduced by lining with aluminium or a plastic 
material, but it is probably better to dispense with the lead housing 
altogether, since even under the most favourable conditions wall-scatter¬ 
ing may be of the order of 5-10 per cent. The magnitude of scattering 
from the supports of the source and counter may be evaluated by 
suspending the source on its plastic mounting by a structure of fine 
wires (in the absence of its normal support) so that scattering is a 
minimum. The magnitude of the total scattering from housing and 
supports increases with distance between source and counter, e.g. in one 
example the correction factor increased from 1-007 for for a distance 
of 21 mm. between the source and counter Avindow to 1-093 at 50 mm. 

(21) (the distance of the source from the floor of the castle being 11 mm. 
in the last case). 

Errors introduced by the finite size of the source should be kept to 
a minimum (see p. 230), and the geometrical efficiency should not be 
calculated from the angle subtended by the counter window at the 
source, since there is an insensitive volume in the counter between the 
end of the Avire and the w'mdow (23). The solid angle may be more 
accurately evaluated from the counter diameter in the same plane as 
the end of the counter wire, but it is better to define the angle by means 
of an iris. The end of the wire, normally covered with a glass bead, 
is also considered to be insensitive to /8-particles and allowance should 
be made for the angle subtended by the bead at the source. 

By evaluating these factors in turn the kno^vn disintegration rate 
of seven ^-emitting isotopes was used by Zumwalt (21) to determine 
the geometrical factor of a given counting assembly, and good agree¬ 
ment between the observ’ed and calculated values was obtained. 
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B. Practical determination of absolute ^-disintegration rate by 
the defined solid angle method 

A convenient form of apparatus is shown in Fig. 6.18. The source 
is mounted on a thin plastic sheet supported on a suitable holder. An 
iris (which is smaller than the diameter of the cathode envelope) is 



Fia. C.18. Counter with defined solid angle. 


mounted close to the counter to define the solid angle. This may be 
calculated geometrically. A second iris of greater diameter may be 
inserted between the counter and the source in order to reduce the 
contribution of scattered radiation. 

The following coneetions must be applied to the observed count in 

order: 

(a) First, a correction for the coincidence loss is made, and the 
accurately determined background is then subtracted. To enable the 
coincidence correction to be determined with precision a defined paralysis 
time is applied externally (see p. 170). The slope of the Geiger plateau 
with such an assembly should be sufficiently small for errors due to 
E.H.T. drift to be neglected. Frequent checks of the reproducibility 
of the characteristic curve should be made if many standardizations 
are performed. 

(t) Allowance must be made for absorption losses. Absorbers of 
small thicknesses are inserted just below the ii-is and the counting rate 
determined. From the absorption curve a correction is determined for 
absorption losses in the window of the counter (the thickness of which 
should be kno's\Ti) and the air gap. 

(c) A correction is now applied for back-scattering effects, as esti¬ 
mated by determining a series of back-scatter curves, using different 
thicknesses of back-scatterer. Allowance should also be made for 
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wall-scattering, source-scattering, and air-scattering as indicated above 
(see p. 256). Measurements should be taken under conditions in which 
scattering effects are reduced to a minimum. 

(d) Allowance should finally be made for the geometrical factor. If 
the source may be regarded as a point on the axis of the counter, this 
correction is obtained by dividing the activity by the fraction of the 
^-particles emitted in the defined solid angle, which is (24) 

where r is the radius of the iris and h is the distance of the iris from 
the source. The geometrical correction for circular sources may also 
be calculated using an expression derived by Blachman (24). The effi¬ 
ciency of the Geiger counter for particles which reach the sensitive 
volume is taken to be 100 per cent. 

Since the geometrical correction may be evaluated by calculation, 
the above method is an absolute calibration of a )3-emitter, ab initio. 
It can be considered accurate only to about ±5 per cent., and the error 
is somewhat greater for less energetic ^-emitters due to the large 
absorption corrections. In such cases it is better to use a demountable 
windowless counter, which incorporates facilities for insertion of the 
source, evacuation, and refilling with counter mixture. With such a 
counter a correction for the absorption of ^-particles in the gas between 
the source and the lower end of the sensitive volume of the counter 
should be made, and to reduce back-scattering to a minimum the source 
should be mounted remote from any walls. By placing the source, a 
windowless counter, and a series of absorbers (set in a wheel which can be 
externally controUed through a greased joint) in a desiccator filled with 
counter gas it is also possible to determine absorption curves without 
any conections for window absorption (25). 

C. Absolute counting in the presence of y-activity 

If there is any y-radiation simultaneously emitted with the ^-particles 
a further correction must be applied to the observed count, although 
the error is not great since y-rays are detected ^nth low efficiency. 
The contribution of the y-rays may be estimated by use of an absorber 
which is sufficiently thick to absorb all the ^-particles. A correction 
(estimated experimentally or from the known y-energy) is applied for 
the absorption of the y-rays in the absorber. 

A much more important effect is the internal conversion of the y-rays 
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to give secondary electrons which will be detected with high efficiency. 
The extent of internal conversion must be knowm, and this may usually 
be estimated by analysis of the /3-spectrum in each case (26). It is 
seldom possible to make an accurate estimate of the amount of internal 
conversion from aluminium absorption curves. 

D. Use of a 477 solid angle counter 

Many of the difficulties mentioned above would to a large extent be 
overcome by use of a counter (Geiger or proportional) which detects 



all the particles emitted by a given source over a solid angle of 47t. 
A Geiger counter of this type (27) is sho\\’n in Fig. G.IO. The method 
has not hitherto been used extensively on account of the difficulties 
of designing a suitable counter, but the advantages of tlie technique are 

(а) the solid angle is known without measurement; 

(б) sources of smaller activity than employed with the usual type 
of counter may be used, since the proportion of /3-particles 
detected is almost 100 per cent,; 

(c) even if y-activity which is internally converted is present, the 
method is directly applicable since a ^-particle is counted simul¬ 
taneously with the emission of a y-ray. Provided the ^-particle 
and y-ray are emitted within a time smaller than the resolving 
time of the counter, the presence of y-ra 3 ’^s will have no effect 
on the counting rate. Internal conversion electrons obtained 
from y-ra^^s and annihilation radiation obtained from positron 
deca 3 % by the same reasoning, have no influence on the counting 
rate, a particular advantage when the decaj'^ scheme is complex. 
(This would not be so if the y-r^y emission occurred in a time 
which was greater than the resolving time of the counter.) 

If such a technique is emploj^ed, the source should be mounted on 
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a very thin sheet of plastic (0'05-0-l mg./cm.^) which is supported on 
the platform of the counter. The mount should be coated on both sides 
with colloidal graphite or sputtered gold, so as to make it conducting 
and to prevent the formation of residual charges which might give 
spurious effects. A small correction should be made for the j8-particles 
lost by absorption in the mount. 

E. Calibration of a counter with a standard source 

The methods described above enable the absolute activity of a jS- 
emitter to be determined without assuming any nuclear data. In 
practice, however, it is often simpler to calibrate a Geiger assembly 
with a source of known activity. The proportion of particles detected 
from any source would depend only on the geometry of the system and 
the absorption losses (which may be estimated), if it were not that the 
scattering is energy dependent. The overall efficiency of counting is 
therefore different for emitters of different jS-energy, and if a counter 
assembly is to be used for standardizing sources of unknown activity 
it should preferably be calibrated with a standard source of as closely 
similar radiation characteristics as possible. 

The activity of a standard source must be estimated by an inde¬ 
pendent means, e.g. for uranium in radioactive equilibrium, the number 
of disintegrations of UXg may be estimated from the weight, knowing 
the half-life of In the case of emitters which give simultaneous 

p- and y-emission with known decay schemes the simplest means of 
standardization is usually by coincidence methods {see below). Table 
6.1 gives some emitters which have been suggested as standard sources, 
their radiation characteristics, and possible methods of standardization. 


Table 6.1 

Suitable Standard Sources 


Emitter 

^•energy 

y-energy 

Half-life 

Method of 
standardization 

2*Na 

1-39 

1-38, 2-76 

14-8 hrs. 

^-y coincidence 

32p 

1-704 


14-07 days 

Defined solid angle 

«Co 

0-31 

1-117, 1-33 

5-3 jTS. 

p-y coincidence 

82Br 

0-465 

7 y's in the range 
0-550-1-315 

34 hrs. 

p.y coincidence 

89Sr 

1-463 

* 

54 days 

Defined solid angle 

Ra D-E-F 

1-17 

0-047 

22 yrs. 

at and 6 counting 

Uranium (UX) 
(covered with 30 
mg./cm.2 alumi¬ 
nium foil) 

2-32 

1 

0-82 

4-49 X 10* yrs. 

» 

Weight, assuming 
half-life of «8U 


261 


ABSOLUTE i9.COUNTING 

For approximate work any of these emitters may be used to calibrate 
a counter assembly irrespective of the emitter subsequently employed. 

F. Coincidence methods of absolute measurement 

The coincidence method of absolute calibration (28) is applicable 
whenever a radio-isotope with a simple decay scheme emits simul¬ 
taneously (i.e. within a time which is short compared with the resolving 
time of the counter) a )3-particle and a y-ray. When the decay scheme 
is complicated, however, as in the case of the interpretation of the 
results is difficult. The method consists in mounting a source between 
a / 3 -counter and a y-counter so that disintegrations are recorded by 
each. (The use of a y-scintillation counter rather than a Geiger counter 
is an advantage in the latter case, since the efficiency of detection of 
y-radiation is considerably higher.) From the number of coincidences 
observed (see Chap. IV) the absolute disintegration rate may be esti¬ 
mated. If the overall efficiency of the /3-counter is k\, that of the y- 
counter A-g, and a is the number of disintegrations of the source in unit 
time, then the counting rate in the /3-counter is 

Xi = k\a 

and in the y-counter is a *2 = k'^a. 

The coincidence rate of counting is ^'3 = k'^k'^ci since of the k\a 
counts recorded in the ^-counter a fraction A *2 causes counts in the 

y-counter. 

Eliminating k\ and k\ from these equations we get 

_ _ ^1^2 

U' - - > 

a-3 

from which the disintegration rate may be deduced. Although the 
theory is relatively simple a number of corrections are necessary. These 
wUl not be given in detail since this method, although probably the 
most accurate available, is not suitable for routine work. Reference 
should be made elsewhere for more detailed information (28). 

(a) Paralysis time. A correction must be applied for the paralysis 
time of the two counting assemblies using equation (3.3) for each 

counter. 

(b) Backgrounds. The natural background counting rate of the two 
counters separately and in coincidence must be subtracted from the 
relevant readings. A correction must also be made for the y-ray con¬ 
tribution to the / 3 -count, estimated by inserting an absorber to eliminate 
the ^-particles. Allowance should also be made for the simultaneous 
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detection of y-rays in both counters by measuring the number of coin¬ 
cidences in the presence of the source, with an absorber to prevent the 
^-particles being recorded. 

(c) Random coincidence rate. Although the counting rates of the 
y- and ^-counters may not be directly related, a certain random 
coincidence rate is always observed. The random coincidence rate is 
.Tj.TaCTi+Ta), where and X 2 are the observed activities and Tj and t 
are the paralysis times of the two counter assemblies. 

(d) Internal conversion. If any of the emitted y-rays suffer internal 
conversion the counting rate in the y-counter wUl be too low (29), and 
unless the window is thick enough to eliminate conversion electrons it 
will be too high in the ^-counter. The degree of internal conversion 
must be estimated by further experiment. 

G. Absolute measurement of ^-activity in liquids 

Liquid counters are only used for obtaining an absolute measure of 
the or y-disintegration rate by comparison with a source of known 
activity of the same emitter. Counters of the type shown in Fig. 3.28 
are suitable for this purpose since good reproducibility is obtained. 

The same precautions are necessary as described above for comparative 
measurements (p. 242). 

H. Absolute measurement of the )5-activity in gases 

Knowing the pressure and composition of the gas in the counter, an 
estimate of the absolute disintegration rate may be obtained from the 
amount of gas contained in the cathode volume. Allowance for end 
effects is made by comparison of the observed counting rate of two 
counters of the same diameter, construction, operating pressure, etc., 
but of different lengths (30). Errors due to adsorption on the surface 
of the counter, variations in gas composition, or threshold voltage, etc., 
should as far as possible be eUminated (see Chap. III). Some )8-particles 
emitted close to the cathode will pass out of the counter without causing 
any ionization in the gas, but the magnitude of this error is reduced by 
back-scattering and is, in general, small. 
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HEALTH PRECAUTIONS AND LABORATORY 

DESIGN 

1. Nature op Hazard 

It is now well know that the manipulation of radioactive material may 
be hazardous to the health of the worker unless suitable precautions 
are taken. Careless practice may also result in the spread of activity 
about the laboratory so that unsuspected contamination invalidates 
scientific work with the result that considerable time is wasted. This 
chapter considers the health aspects of working in a laboratory where 
microcurie amounts of radioactive material (so-called ‘tracer’ amounts) 
are normally used, although storage space and dispensing equipment 
for handling a few millicuries of stock chemicals and solutions may also 
be provided. In this case it is usually more difficult to prevent in¬ 
advertent contamination of counting equipment and laboratory vessels 
than to eliminate the health hazard, but both may be avoided by 
careful planning of laboratory work. ^ 

The most serious danger to health is absorption of radioactive 
material in the body, either subcutaneously, by inhalation, or by mouth. 
Quite small amounts (see p. 266) which are often extremely difficult to 
detect in the body may have serious physiological effects when localized 
in certain places. There is also the possibility of injury from external 
radiation which may be caused by any radio-element if present in 
sufficient quantity. In a ‘tracer* laboratory, however, only the stock 
radioactive chemicals and solutions are likely to give a sufficient 
intensity of radiation to be hazardous as an external source, and this 
may readily be reduced by adequate shielding. The methods used for 
detection of, and protection against, external radiation are discussed 
in more detail later in this chapter. 

2. Safe Amounts of Radioactivity 
Radioactive material is most commonly absorbed into the body 
through the mouth from contaminated hands or by inhalation of radio¬ 
active vapour or dust. If this should occur, the danger will depend on 
a number of factors: 

(i) A high degree of retention of the active species may be serious, 
especially if it concentrates at a site of physiological importance. Thus 
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the alkaline earth metals (Ca, Sr, Ba, Ra) concentrate in the bone and if 
radioactive may damage the blood-forming bone-marrow; iodine simi¬ 
larly concentrates in the thyroid. The rate of elimination of radioactive 
material from the body is largely controlled by biological factors, but 
may sometimes be increased by external means. 

(ii) The biological life of the isotope determines the duration of bodily 
irradiation. The biological life depends both on the radioactive half- 
life and the rate of elimination of the active species. In general there 
is little danger if the radioactive half-life is short, but continuous bodily 
absorption when working with a substance of short half-life for long 
periods is as bad as a single ingestion of a longer-lived species. 

(iii) The radiation emitted by the isotope and its energy determine the 
amount of ionization produced, a-emitters are particularly dangerous 
if absorbed since the resulting local density of ionization is high. In 
the case of ^-particles the specific ionization is less and the range greater, 
so that less serious damage of body tissue is obtained in the immediate 
proximity of the site of contamination. 

Mathematical equations have been derived for the radiation intensity 
to which an organ of the body is subjected under a variety of condi¬ 
tions (10). Thus, in the case of a long-lived emitter absorbed in a body 
organ (or a short-lived emitter for which the rate of decay is equal to 
the rate of fixation of new activity), it has been shoA\Ti that the organ 
is subjected to an irradiation intensity of 4-35C^/u'/< roentgens/day, 
where C is the number of microcuries of radio-isotope in the organ, 
E is the average energy of the radiation in MeV, w is the weight of the 
organ in pounds, and k is the number of electron volts required for the 
formation of an ion pair. If the maximum radiation intensity which 
the organ can safely resist can be decided, it is clearly possible to 
calculate the maximum number of microcuries of the isotope which 
can be tolerated by the organ. By similar methods the maximum 
tolerable activity in the body, in air, in drinking-water, etc., can also 
be evaluated. The uncertainties in such calculations are the biological 
factors which determine the quantities to be inserted into the equations. 
Nevertheless, after careful consideration of the doubtful factors, values 
of the maximum permissible amounts of activity have been compiled 
and these quantities, given in Table 7.1 for some of the more dangerous 
elements, are considered to have a negligible effect on the human body 
even if present for a lifetime. As many of the figures are based on 
experimental work with animals extrapolated to the human case, they 
reflect a conservative attitude and some modifications may be made 
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as new information becomes available. The data given in Table 7.1 
have been compiled by the International Commission on Radiological 
Protection (11). 

Table 7.1 


Recommended Maximum Permissible Amounts of Radioactive 

Isotopes 


1 

In body 
{microcuries) 

In air 

{microcuries jml.) 

In drinking-water 
{microcuriesiml .) 

m 

10,000 

5 X 10-6 

0-4 

14C 

« • 

I X 10-6 

• • 

(as CO 2 in air) 

15 

• • 

8x 10-» 

32p 

10 

• • 

2x 10-6 

«»Co 

1 

• * 

1 x 10-6 

«9Sr 

2 

• • 

• « 

«»Sr and *»¥ 

1 

2x 10-*» 

8x 10-’ 

1311 

0-3 

3x 10-6 

3 X 10-6 

210po 

0005 

• • 

• • 

““Ra 

01 

8x 10-“ 

4 X 10-6 

23»Pu 

0*04 

2x 10-“ 

1-5 X 10-6 


By these means the relative harmfulness of the radio-elements has 
been assessed and general recommendations about the quantities of 
radioactive material which may be safely handled have been made. 
It should be appreciated that any such recommendations can only be 
a rough guide, since to some extent the hazard will depend on the 
physical state of the isotope (e.g. whether used as dust, gas, or liquid), 
the design of the laboratory, and other factors. Nevertheless the health 
aspects of radiochemical work should always be considered in the follow¬ 
ing cases: 

(а) When any a-active dust or powder with a half-life less than 10® 
years is used. This should be considered dangerous in any quantity. 

(б) When more than 0*1 millicuries of any emitter with a half-life 
greater than 1—2 weeks which is preferentially absorbed in the body 
is handled. (This recommendation assumes that there is no chance of 
the complete absorption of this level of activity on any one occasion. 
With solutions, this is a remote possibility, but with dry powder pre¬ 
parations of high specific activity it may be a serious hazard; if so, the 
operating level should be reduced accordingly.) The principal isotopes 
in this category (12) are ^^Ca, ®®Fe, ®»Fe, ®®Co, s^Sr, ^^Sr (and »®Y), 

»5Zr, i«Ce, 226Ba, and ^sspu. In spite of its short half- 

life some workers also include ^^^I in this group, if it is used continuously 
over many months (since it readily concentrates in the thyroid). 
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(c) When any j3-emitter in amounts greater than about 1 inillicurie, 
regardless of half-life, is used, there is always the possibility of bodily 
absorption in dangerous amounts. The limit here is more flexible and 
depends on the half-life and physical state of the radioactive material 
used. 

Despite these limitations, if none of the isotopes listed under (6) above 
are employed, it is quite possible to do a considerable amount of radio¬ 
active work with practically no danger. In a radiotracer laboratory, 
when only microcurie amounts of activity are used in any one experi¬ 
ment, the only likely source greater than 1 millicurie activity will be 
the stock chemicals and solutions. Although sources of this activity 
should be adequately shielded to reduce the radiation intensity (see 
p. 270), and care is necessary in dispensing solutions from the active 
stock, ordinary chemical manipulations may in general be used in the 
remainder of the work ^vith negligible risk. Moreover, in many radio- 
tracer laboratories the activity of the stock chemicals may easily be 
kept below a millicurie and the health hazard from this source con¬ 
siderably reduced in consequence, 

3. Manipulation of Radioactive Material 

To reduce the possibility of spoiling scientific work by contaminating 
apparatus and to eliminate the health hazards involved in working in 
a ‘tracer’ laboratory with the more dangerous elements, the following 
recommendations should be follow-ed as a routine even when only micro¬ 
curie amounts of activity are used. All the suggestions apply likewise 
to that part of the laboratory where millicurie amounts of activity are 
dispensed, but some additional precautions mentioned below are also 
desirable in this case. 

A. Prevention of radioactive contamination in a ‘tracer’ labora¬ 
tory 

A laboratory coat should ahvays be worn in a radiochemical labora¬ 
tory to minimize contamination of clothing. Care should be taken to 
keep footwear clean and it is a common practice (especially if high 
activity is used in the dispensing part of the laboratory) to reserve a 
pair of old shoes for wear in the laboratory only. Outer garments and 
shoes should be periodically examined with a counting a-^-y monitor 
(see p. 279) to detect any contaminating activity. 

In general, rubber gloves should be w^orn when performing chemical 
manipulations with radioactive material. Thin surgical rubber gloves 
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are suitable, and should be put on and taken off so that the unprotected 
fingers do not touch the outside of the gloves, which are likely to be 
contaminated (see Plate II). French chalk or talc may be dusted on 
to the hands to prevent the rubber from sticking. Gloves should be 
washed before removal and a periodic check made of the activity on 
the surface. 

Because of the facility with which activity is transferred to other 
parts of the body by contaminated hands, no smoking or eating should 
take place in active laboratories. Hands should be thoroughly washed 
in warm soapy water using a soft nail-brush on all occasions before 
eating, and general care of the hands should be taken at all times— 
e.g. finger-nails should be cut short to prevent activity accumulating 
underneath. As frequent washing is necessary, particularly in hot 
weather when the hands perspire freely in rubber gloves, it is often 
helpful to use a hand cream or glycerine to prevent chapped hands. 

If hands become contaminated, they should be thoroughly washed, 
paying particular attention to the nails and web. Should this fail to 
remove all the activity, the use of a mild abrasive is permissible, but 
care should be taken not to injure the skin. If the contaminating 
activity is known, isotopic dilution may be used with advantage. Thus, 
contamination caused by may be considerably reduced by washing 
the hands with inactive sodium phosphate solution. Chemical treat¬ 
ment of the hands with strong potassium permanganate or 5 per cent, 
ammonium citrate may be used if necessary, but chemical washes should 
not be employed regularly since the skin becomes porous. (Organic 
solutions containing active material should be handled with care for the 
same reason.) It is usually considered that a surface activity of 6,000 
disintegrations/min. of or y-activity and 600 disintegrations/min. 
of a-activity is the maximum permissible contamination of each hand, 
but every effort should be made to keep below this figure. 

As it is particularly dangerous for activity to enter the blood¬ 
stream, cuts and scratches should not be neglected. No work with 
a-emitters should be carried out with an open wound below the wrist 
(whether bandaged or not). To avoid accidental injury, no cracked or 
chipped vessels should be tolerated in a radiochemical laboratory. A cut, 
or injury to the skin, caused by active apparatus (e.g. glassware) which 
enables one of the more dangerous elements to enter the blood-stream 
should be regarded as serious. The wound should be crashed imme¬ 
diately with soap and running water, and scrubbed with a soft nail¬ 
brush. If it is suspected that potentially dangerous amounts of elements 
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such as strontium or calcium are likely to enter the blood-stream, 
bleeding should be encouraged by pressure round the injury, which 
should be monitored to ascertain that activity does not remain in the 
wound. If in doubt medical advice should be sought. 

Contaminating activity is often difficult to remove comiiletely from 
laboratory apparatus, benches (13), and gloves. If it cannot be re¬ 
moved with soap and water, dilute mineral acid may be helpful. An 
aqueous solution of ammonium citrate is often successful since many 
cations form soluble complexes, but in stubborn cases a mild abrasive 
may be necessary. Contaminated gloves should be put aside without 
this latter treatment for the activitj*^ to decay if they cannot be decon¬ 
taminated by other means. 

Benches should be covered with some inert non-porous material, such 
as enamel, stainless steel, or glass, wMch can easily be cleaned in case 
of spills. Alternatively, a Unoleum-covered bench may be used, but an 
xincovered w'ood or concrete surface is very absorbent and is difficult 
to decontaminate. Spills should be cleaned up immediately w ith utensils 
reserv^ed for active material, and the contaminated area monitored (.see 

p. 279). 

Scrupulous care in cleaning glassw^are is essential. All vessels, pipettes, 
etc., should be cleaned as soon as possible after use, and should be 
distinguished by marking if they have been used for millicurie amounts 

of activity. 

Prevention of inhalation of radioactive dust under normal conditions 
is best ensured by w^orking in an adequately ventilated area. In tracer 
laboratories an efficient fume cupboard with an air flow of about 80 
linear feet per minute is adequate. Reasonably stream-line flow' is 
necessary to avoid eddies which w'ould enable the active gases to re¬ 
enter the laboratory. The efficiency of a fume hood may be checked 
by a smoke test. Centrifuges and other apparatus likely to cause 
atmospheric contamination should be confined to a fume cupboard, but 
even then it is best to carry out operations such as distillation, agitation 
of solutions, etc., in a partiallj^ enclosed system to avoid spray. In the 
event of serious contamination of the atmosphere with radioactive dust 
or gases, e.g. by an accident with the stock materials, the laboratory 
should be immediately ev'acuated until the dust has had time to settle, 
w'hen the affected area should be well cleaned with soap and water. 
If it is necessary to exjjose oneself to the radioactive dust or sjiiay (e.g. 

in case of fire), a dust mask should be worn. 

Glass-blowdng should be avoided in radiochemical laboratories. Where 
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glass-blowing of apparatus which has contained active material is neces¬ 
sary, care should be taken that no active material can vaporize and that 
the blowing tube is fitted with a dust filter (e.g. a calcium chloride tube). 

B. Dispensing millicurie amounts of activity 

Active material used as stock is usually supplied either as solid or in 
aqueous solution. The latter should be kept in closed vessels to avoid 
spills and losses by evaporation. Gas formation by decomposition of 



solvents under the influence of radiation is not serious with millicurie 
amounts of activity. To reduce the external radiation of the source 
store to a safe level, the active stock chemicals should be kept in a 
remote part of the laboratory, either in a lead safe or surrounded by 
lead bricks, and only removed when it is necessary to dispense active 
material. Shielding both above and below the source store may be 
necessary if the radiation level is high to avoid affecting personnel and 
experimental work elsewhere in the same building. Exposure to active 
material from the source store is unavoidable when making up solutions 
in a tracer laboratory, but considerable protection is afforded with a- 
and pure ^-emitters by the glass vessels used to contain the material 
and, in the case of solutions, by the bulk of the solvent. With high 
activities, practically complete protection from ^-radiation may be 
obtained by surrounding beakers in an outer container of glass or a 
transparent plastic (1 cm. thick). Containers of lead (1-3 cm. thick) are 
often used for a similar purpose with y-einitters. 

Unshielded vessels containing millicurie activities should not be 
manipulated by hand but with tongs (see p. 275). Eor small vessels 
a pair of test-tube tongs or beaker tongs is usually adequate, but they 
should grip securely as accidents are easily caused, for instance, by 
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holding conical flasks on the sloping sides. Even a 10-millicurie source 
of a 1'5-MeV y-eniitter may be handled with 1-ft. tongs for hours 
without the radiation exposure becoming above tolerance (see p. 273) 
and this time is quite long enough 
for most simple chemical operations. 

The stock material should always 
be kept on a tray which is lined with 
absorbent paper. Solutions may be 
dispensed by burette or pipette. The 
latter should not be operated by 
mouth, but some other method of 
Ailing them should be adopted (see 



Fig. 7.1). Care should be taken that 
the hand does not remain over the 
mouths of beakers, etc., since the /3- 
intensity is largest in this unshielded 
region. Material of microcurie activity 
should never be manipulated in ves¬ 



sels which have contained millicurie 
amounts. The neglect of this pre¬ 
caution is most likely to invalidate 
scientiflc work by contamination. 

Adequate protection may be diffi¬ 
cult to provide when weighing active 



material if the glass front of the ^ , . _, , , . , 

. , , . , _ Fio. 7.2. Some designs of lead bricks. 

balance is not sufficiently thick. In 

this case (and similarly when pipetting or filtering highly active solu¬ 
tions) it is customaiy to erect a small wall of lead bricks between the 
operator and the source. Whenever possible, highly active material 
should be manipulated in a fume cupboard which might also con¬ 
veniently form the source store, and which should be slightly ventilated 
for preference. When this anangement is used the front of the fume 
cupboard may be built up with a permanent structure of lead bricks 
(or other material of high density). For large constructions concrete 


is suitable and is relatively cheap. 

Lead bricks of 2 in. thickness are sufficient screening for activities 


of a few millicuries. The simplest type of brick is rectangular, but to 
avoid penetration of radiation through cracks between bricks, various 
types of interlocking bricks have been designed, some of which are 
shown in Fig. 7.2. Those illustrated in Fig. 1.2a have the disadvantage 
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of being expensive and requiring several types of unit brick, but they 
are relatively stable in large constructions. If an apparatus requiring 
water, electricity, etc., is erected behind a wall of lead bricks, the 

services may readily be led over or through the waU with the controls 
on the outer face. 

The description of remote control apparatus, shielding, and tech¬ 
niques used in continuous work with millicurie and curie amounts of 

activity is given elsewhere (9, 14) and is out of the scope of this 
discussion. 

4. Design and Equipment of Radiochemical 

Laboratories 

The prevention of contamination by radioactive material can be 
greatly simplified by proper design and equipment of the laboratory 
(15). Cleanliness is of first importance, not only from the health aspect 
but equally important to prevent contamination of experimental work. 
A separate laboratory with its own stock of apparatus should, as far 
as possible, be used, and if millicurie activities are often employed, the 
laboratory should be periodically cleaned using equipment ^especially 
reserved for the purpose. All exposed working surfaces should be made 
of or covered with an inert or non-porous material. A paint with a 
plastic base which may easily be stripped off by treatment with a 
solvent if it becomes contaminated is often used on other surfaces. 
Alternatively a hard, high-gloss, non-porous paint is suitable. Floors 
are usually laid with a non-porous material, such as well-waxed lino¬ 
leum. Ledges and inaccessible places liable to harbour dust should be 
kept to a minimum. 

An important item in a radiochemical laboratory is a fume cupboard, 
the finish of which should follow the general principles of the rest of 
the laboratory. The front window may be of the standard movement. 
Services should preferably be controlled from the outside to facilitate 
operation if lead shielding is used. Fume cupboards of 3 ft. square plan 
area are common, but for large apparatus adjacent fume cupboards 
with inter-sliding doors or demountable sides are often an advantage. 
Control of the ventilation of individual fume cupboards is preferable. 

A device which may greatly reduce contamination of the laboratory 
and simphfies ventilation problems is the dry-box (Plate III). This 
may be made of wood with a top of a suitable transparent plastic 
material and should be ventilated by a small air-flow. Apparatus 
required for a particular operation (e.g. test-tubes, reagent bottles. 
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pipettes, etc.) are assembled in the box before it is closed, so that the 
whole experiment may be carried out without risk of contaminating 
the laboratory. The name ‘dry-box’ is a misnomer, since precautions 
are seldom taken to exclude water vapour. Although they are frequently 
used to prevent contamination when handling active liquids, they are 
probably more w'idely employed to prevent inhalation of activ^e dust 
when manipulating solids. Tliey should always be used for handling dry 
material of high specific activity (say, greater than a few microcuries/g.), 
particularly when any of the more dangerous elements are present. 

In addition to normal chemical apparatus a supply of apparatus such 
as used in semi-micro- and micro-chemical laboratories is necessar 3 ' for 
the radiochemist. Thus it is usually quicker, cleaner, and more con¬ 
venient to centrifuge rather than to filter the semi-inicro-precipitates 
(1-20 mg.) usually obtained in radiochemical work. A supply of pipettes 
in the range 01-10 ml. with necessary safety-filling devices (see Fig. 
7.1) is essential. Wash-bottles should be operated by compression bulbs. 
A variety of tongs (such as shown in Plate IV) and other instruments 
for carrying and manipulating chemical apparatus should be available 
for handling millicurie amounts of activity. The design is largely a 
matter of personal preference, but, in general, tongs which give a good 
and comfortable purchase to the operator are advantageous. It is 
helpful to cover the jaws of the tongs with asbestos tape or rubber 
to prevent slipi^ing. The manipulation of apparatus with tongs is 
simpler if they are as small as the radiation level will allow. 

To reduce risk of contamination, corrosion, etc., counting equipment 
should be erected in a room set aside for this purpose. Since p- and y- 
counters are usually housed in heavy lead castles (200-300 lb. weight), 
the benches should be robustly constructed and of a design which allows 
them to be readily cleaned. (The more important it is to have a parti¬ 
cular area free from contamination, the more difficult it is to clean 
satisfactorily if it does become contaminated.) For a-counting with 
ionization chambers it may be necessary to screen the room or the 
particular chamber used from stray electrical fields. Obvious common- 
sense rules should be followed in the counting room, e.g. laboratory 
overalls should not be worn, and uncovered sources should not be left 
on the bench. 

5. Tolerable Intensities of External Radiation 

Hitherto we have discussed radiation shielding solely in general terms 
from the point of view of laboratory design and practice. In this section 

6197 T 



274 


HEALTH PRECAUTIONS 

the quantitative aspects will be considered in more detail. The physical 
effects of radiation are due to the ionization caused by absorption in 
body tissues. The amount of radiation to which a person is exposed is 
usually measured in ‘roentgens’ (r.), defined as the quantity of X- or 
y-radiation such that the associated corpuscular emission per 0'001293 g 
of air (1 c.c.) produces in air, ions carrying 1 electrostatic unit of charge 
of either sign. The original definition of a roentgen applied only to X- 
and y-radiation, but has now been extended to include the effects of 

a- and ^-radiation, neutrons, etc. The 'roentgen-equivalent-man’ 

(r.e.m.) is that quantity of radiation (of any kind) which when absorbed 
by man produces an energy absorption equivalent to that obtained 
from one roentgen of X- or y-radiation. The roentgen-equivalent- 
physical (r.e.p.) is a similar definition, referring to 1 g. of body tissue. 

From general experience and experiments with animals, it is con¬ 
sidered that exposure for a lifetime to an intensity of radiation of 0-6 
r.e.m. per week will, so far as is known, cause no ill effects. This figure 
was recommended (12) in 1948 by the Protection Sub-Committee of 
the British Medical Research Council (although larger values have 
been quoted earlier (16), and it is likely that 0*5 r.e.m. per week will be 
accepted as an internationally agreed tolerance standard for radiation 
exposures. A value of 0*1 r.e.m. per 8-hr. day (or 12-5 milliroentgens/hr,) 
is often quoted as a tolerance, but to allow for a dose of radiation slightly 
above tolerance on any one day the weekly figure is to be preferred. 
The total body exposure on any day should nevertheless be kept (17) 
well below 0-2 r.e.m./day. As the tolerance is based on total body 
irradiation, it is permissible for some parts of the body (such as the 
hands) to receive as much as 1-5 r.e.p. per week, provided the total 
body irradiation is below tolerance. An irradiation intensity which 
would result in an exposure of, say, 10 r.e.p. if maintained for one 
working day is also permissible for short periods. Thus, for a source 
with an intensity of 10 r.e.p., an exposure of not more than 4-8 minutes 

. no. of r.e.m.\ 

* OO ) 

is permissible provided that the person exposed does not receive further 

eradiation during the remainder of the day. The instruments used 

in the assay of external radiation are often calibrated in roentgens per 

8 hours, and it is relatively simple to calculate the allowable time of 
exposure. 

A difficulty frequently encountered in dosimetry is the correlation 


^8 hrs. 
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of the units of the radiologist (r.e.m.) with those of other workers 
(curie). The best means of knowing the radiation intensity of a source 
of a given number of curies is to measure it, since it depends to some 
extent on the way in which the source is stored, on scattering, and other 
factors. As a rough guide, however, a dose of 0*5 r.e.m./40-hr. week is 
obtained (18) at the surface of material containing about 10“^/^? milU- 
curies of /S-activity per g. (where E is the average energy of the p- 
particles), provided the volume is greater than about 1 ml. Thus 100 ml. 
of a solution containing 1 me. of a )3-emitter of an average energy of 
1 MeV would have a radiation intensity at the surface of the containing 
vessel equal to the tolerance level. For y-rays the number of r./hr. 
(rj) obtained at a distance of 1 foot from an unshielded point source 
of y-radiation within the range 0-2-1-5 MeV may be roughly calculated 
from C the number of curies of source, using the equation (19, 20) 

= (7.1) 

where E is the yenergy. From this equation it will be seen that a 
radiation intensity of 0-5 r.e.m./week (40 hours) at 1 foot from a source 
of 1 MeV y-radiation is obtained with about 2-1 me. As these two 
examples suggest, sources of microcurie activity do not in general 
require any external shielding to protect the worker, but shielding is 
required for higher activities (19, 20). The shielding necessary in any 
given case may be estimated as indicated in the next section. 

When the operator cannot be easily shielded by use of lead bricks 
from millicurie levels of activity (e.g. when dispensing stock solutions), 
one of the following procedures may be adopted. First, the radiation 
intensity falling on the body may be reduced by increasing the distance 
from the source. The intensity of the radiation (no. of photons/sec./unit 
area) obtained from a point source obeys the inverse square law. If 
a source gives an intensity of 10 r./day at 10 cm. distance, then at 
100 cm. the intensity falls to 0-1 r., at which distance most operations 
are quite possible by use of tongs. This is the basis of the recommenda¬ 
tion on p. 270 that millicurie levels of activity should not be manipu¬ 
lated by hand. 

Secondly, if preferred, a remote control method of performing the 
operations required may be designed, and the whole apparatus may 
then be shielded by a permanent lead wall. This technique is usually 
not worth while in tracer laboratories, but some operations (e.g. distilla¬ 
tion, chromatographic separations and purifications, etc.) easily lend 
themselves to this solution of the problem. 
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Thirdly, if the radiation density is only slightly higher than tolerance 
it may be best to perform the operation very quickly by the normal 
methods rather than to adopt either of the other techniques, which in 
some cases might be difficult to manipulate. Thus with a solution giving 
a radiation intensity of 0-2 r./day at the surface, it would clearly be 
better to pipette out 10 ml. using a safety pipette in the normal way 
(see p. 270), rather than design a remote control method, or attempt 
to perform the operation holding the pipette in tongs. The same would 
be true of any operation with a source of the same activity which takes 

less than 4 hours ^8 x provided no further exposure to radioactive 

material is permitted on the same day. 

A. Calculation of y-ray shielding 

It is usually a matter of personal preference to decide which of these 
three courses are followed in any particular case. In making the decision 
it is helpful to be able roughly to calculate the exposure to be expected 
at different distances from a given source with and without shielding 
(21). This estimation may be made for y-rays from equation (7.1) using 
the inverse square law (see Table 7.2). Although the calculation is 
strictly valid for y-radiations from a point source only, provided the 
distance from the source to the operator is equal to or greater than 
the source dimensions it may be applied with good approximation. In 
the case of ^-radiation a similar calculation using the analogous relation¬ 
ship (see p. 275) may be made, although the accuracy of the result is 
doubtful. In any case the radiation intensity obtained on the outside 
of containers of ^-radiation is seldom sufficiently high to necessitate 
more than thin external screening (e.g. J-in. Perspex beaker to sur¬ 
round that containing the solution) and this calculation is likely to 
be useful only ^\ith emitters of penetrating y-radiation (e.g. ^^Na). 


Table 7.2 


1 

B(MeV) 

Tj per 10 me. 
{mr.fhr. at 1 ft.) 

Distance {ft.) to give radiation 
density of 0-1 r.jday for 
a 10 me. source 

0 2 

12 

0-9 

0 3 

18 

1-2 

0-5 

30 

1-6 

0-8 

48 

20 

10 

60 

2-2 

1-5 

80 

2-6 
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From Table 7.2 ifc w'ill be seen that a tolerance of 0-1 r./8 hr. day is 
obtained from a source of 10 me. at a distance of 2 ft,, provided the 
y-energy is less than 0*8 MeV. Tongs of 2 ft. would thus be adequate 
for handling sources of most y-emitters in a radiotracer laboratory, even 
if the source had an activity as high as 10 me. In general, the activities 
of the stock sources are much smaller than this and shorter tongs 
(6 in.-l ft.) are satisfactory. 

The amount of shielding required to reduce the radiation density 
outside the source store to a suitably low level may be estimated from 
the tenth-value thickness {d.fg) of the material used to screen the source. 
The tenth-value thickness is the thickness required to reduce the in¬ 
tensity of the y-radiation by a factor of ten. It is often a more con¬ 
venient unit for assessing shielding thicknesses for y-radiation than the 
half thickness (rfj) since shielding is usually required to reduce the radia¬ 
tion intensity by an order of magnitude. Since a thickness equal to 
lOxdi reduces the intensity to = l/102i, then lOxr/j is approxi¬ 
mately equivalent to Sxd^- From the half-thickness for a particular 
y-energv shown in Fig. 2.26, rf* obtained as 

and an approximate assessment of the shielding required can be made. 
For example, consider a source of 500 me. emitting y-rays of 1 MeV 
energy and protected by 10 cm. —4 in.) of lead. From Fig. 2.26 it 
will be seen that y-radiation of I MeV energy is reduced to half of its 
original intensity by M cm. of lead. It is therefore reduced to ^th in 
3-6 cm. Hence 10 cm. of lead wiW reduce the intensity to 


(jr)io/3-6 ^ 1-66 X 10-3, 

which is equivalent to a source of 1-66 x 10-3 x 500 = o-83 me. at the 
surface of the lead. From Table 7.2 we see that the intensity of such 

a source at 1 foot is about 


60 X 0 83 

io 


4-98 mr./hr., 


i.e. 0 04 r./8-hr. day. Hence a radiation intensity of 0*1 r./8-hr. day 

would be obtained at a distance of 12 o** about 8 m. from the 

surface of the lead. If a source emits several y-rays, then calculations 
should be made for each y-energy (allowing for the percentage abun¬ 
dance). Secondary emission and other factors may cause deviation 
from the exponential absorption law (the validity of which is implicitly 
assumed), but they can be ignored in this calculation. In practice, it 
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is better to calculate for a lower tolerance rather than introduce any 
corrections which might be in error. ^ 


6. Detection of Radiation 

Whilst an assessment of the radiation density in a laboratory can be 

made knowing the activity and nature of the sources in use, it is 

desirable that instruments should be available to measure it directly 

especially when any unfamiliar operation is being carried out. The 

following instruments are suitable for this purpose in a radiotracer 
laboratory. 


A. Personal monitoring 

However small the radiation density, some kind of personal monitor¬ 
ing device should be carried. The most common method of determining 
the radiation intensity to which a worker has been exposed is from the 
fogging of a photographic film. Small dental X-ray plates (2 cm. x 4 cm.) 
are used, enclosed in a thin metal foil or paper, half the film being 
covered by a thin lead sheet to enable yS- and y-radiation to be distin¬ 
guished by the different intensity of blackening. A measure of the 
radiation exposure is obtained by comparison of the blackening of the 
film with a standard by means of a densitometer. Films are worn on 
the outside of laboratory coats and are developed weekly. They may 
also be worn on the wrist in cases where millicurie amounts of activity 
are likely to be handled without exposure of the body in general. If 
the data obtained from personal X-ray film monitorsf are preserved, 

they form a valuable record of the radiation to which a given person 
has been exposed. 

Portable ionization chambers may be used for estimating the radia¬ 
tion exposure when millicurie amounts of activity are handled. The 
loss of potential on the condenser system is measured each day by 
means of an electrometer. The ionization chamber shown in Fig. 7.3 
is about 2 in. long and J in. in diameter and consists essentially of an 
insulated graphitized bakelite rod which is charged to a potential of 
100 volts by means of a battery. The potential on the centre rod of the 
chamber decays to zero with a radiation exposure of about 0*2 roentgen, 
but by use of higher initial potentials, larger radiation doses may be 


T “ay be obtained from the National Physical 

Laboratory at Teddington, Middlesex, which is prepared to assist with the issue of films, 

development, densitometer measurements, and the 
estuuation of the radiation exposure. 
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measured. As these chambers sometimes discharge from rough usage, 
insulator leakage, etc., two are often carried to check one another. 

A second type of pocket chamber shown diagrammaticaUy in Fig, 
7.4 is in principle a quartz fibre electroscope. A charge is applied to 
the fibre system after removing the end cover. The instrument is 


Z:re»r re.-ncfea 
fcr 

charg.ng 

electrode 

Fig. 7.3. Pocket ionization chamber.. 



C^‘de1 qjsrtz fitre 


Fig. 7.4. Pocket electroscope. 

previously caUbrated so that a known discharge (as measured on the 
gi'aticule of the eyepiece) corresponds to a given radiation exposure which 
can be followed by periodic inspection. The capacity of the chamber is 
such that it will measure a total radiation exposure of about 0-2 roentgen^ 
For a more sensitive indication of radiation hazard a number of 
instruments have been designed to show the radiation density at 
different places in the laborato^ 3 ^ Each instrument is intended for a 
particular purpose and in any given laboratory not all of them woul 
necessarUy be required. Many other types have been designed both tor 
work with high activities (curie levels) and also for a number of special 
purposes (e.g. geological surveying), but are out of the scope of this 

discussion, 

B. The counting a-j3-y monitor 

In essence this instrument utilizes a counting ratemeter (time constant 
about 1 second) to measure the pulse rate obtained from a Geiger- 
Muller counter. The latter is held by a suitable handle on a long lead 
so that it may easUy be presented to any area likely to be radioactive. 
The unit is usually mains operated. The H.T. supply necessary for t e 
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operation of the Geiger counter can be included in the unit, the same 

miUiammeter being used both for setting the potential of the counter 

and for recording the activity obtained. The instrument may also 

include a loudspeaker unit to give audible indication of the presence 

of activity. If the Geiger tube has a thin-walled glass envelope the 

instrument will respond to ^-radiation and should indicate up to about 

2 X 105 counts per minute. For ,8-radiation of low energy (e.g. WQ) a 

specially thin-walled counter may be employed. By using a metal cover 

the instrument can be made sensitive to y-radiation only and may also 

be used for detecting a-particles by replacing the Geiger counter with 
an a-scintillation counter. 


The particular virtue of this monitor over other types is its sensitivity. 

A spill of radioactive material or any small source of activity which 

might otherwise be overlooked may easUy be detected. Also, it mav 

often be useful in laboratory work, e.g. in estimating the contaminating 

activity of beakers, hands, etc., and in semiquantitatively testing preci 
pitates and solutions for activity* 

For laboratories using only microcurie levels of activity, a monitor 

o this type IS probably quite sufficient for all needs. The instrument 

IS sufficiently sensitive, and at the same time versatUe enough to enable 

almost any source of radioactive hazard to be detected. Interpretation 

of the radiation density (r./day) from the meter reading (counts/sec.) 

is not straightforward, however (see p. 274). as the Geiger counter 

detects only the number of ionizing particles and not the specific 
ionization. ^ 


C. The portable p-y monitor 

A typical instrument is shoivn in Fig. 7.5a. It is battery-operated 
and consists of an an-filled ionization chamber with an electrode poten¬ 
tial of about 40 V. The drop in potential occurring whenever the gas 
in the chamber is ionized by radiation is measured by means of a valve 
electrometer, and the electrode potential returns to its initial value 
when ionization no longer occurs. The window at one end of the 
chamber is made of 0-0005 in. polystyrene, and if necessary is supported 
on a grid. This may be covered with a metal screen to make the instru¬ 
ment msensitive to ^-radiation. The chamber is sealed so that the 
monitor is unaffected by rapid changes in atmospheric conditions and 
radioactive dust or gases which might enter the chamber. The amount 
of ionization can be read off from the mUlivoltmeter, calibrated 
m r./8 hrs. Several sensitivities are provided to measure radiation 
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intensitities of about 0-6 r./8 hrs. Instruments of this type are usually 
accurate to about 20 per cent, under normal conditions. Another design, 
which is lighter and more conveniently used in confined spaces, is shown 


A s/ 



(f>) 


Fig. 7.5. Two designs of portable ^-y monitor. 

in Fig. 7.56. A portable p-y monitor is not so sensitive as a counting 
a-jS-y monitor, but is useful when the radiation density may be in 
excess of 0-1 r./8 hrs. 

D. The integrating y-radiation meter 

This meter is intended for measuring integrated y-radiation exposures 
from 0-0-125 roentgen. Its operation depends on the measurement of 
the total loss of charge from an insulated air-ionization chamber (with 
thick walls). The potential on the electrode is measured by a valve 
electrometer. After setting, the chamber is isolated and discharges in 
the presence of y-radiation. The total exposure may then be estimated 
at any time from the potential on the chamber electrode. The meter 
is intended for measuring radiation exposures of the order of 0-1 r. 
when they are likely to be received in a short period. In a tracer 
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laboratory, it would mainly be used when dispensing several millicuries 
of material emitting penetrating y-radiation (e.g. 

7. Disposal of Radioactive Waste 
Under the Radioactive Substances Act, 1948, regulations may be 
made governing the safe disposal qf radioactive material, although up 
to the present time (February 1952) no regulations have been issued. 
As a guide to the quantity of active material which may be disposed of 
in the normal way, the figures given below are taken from the Intro¬ 
ductory Manual on the Control of Health Hazards from Radioactive 
Materials (12). The figures quoted are nevertheless only provisional 
and subject to alteration, but until such time as the legal responsibilities 
of users of radioactive materials in the United Kingdom are made clear 
by orders under the Act, they may be taken as roughly indicating the 
amount and kind of radioactive waste which may be safely handled. 

As far as possible, all radioactive material should be disposed of in 
a solid form rather than in solution, and radioactivity should be re¬ 
moved from solution, either by precipitation of an insoluble salt or by 
scavenging with freshly precipitated ferric hydroxide. The solid waste, 
including active filter-papers, glassware, counting trays, etc., may be 
included in the ordinary refuse removed by the Local Authority pro¬ 
vided that the radiation density at the surface of the waste material 
is not more than 0-05 r./8-hr. day and that it does not contain more 
than 5 microcuries per load of any of the more dangerous elements 
listed above (p. 266) or more than 100 microcuries per load, of total 
P- and y-activity. Solid waste should not contain any readily soluble 
material. Contaminated animal waste should be burnt, but care should 

be taken to prevent the flue gases being released into an inhabited 
room. 

Provided the activity is less than 50 microcuries/week, not more 
than 5 microcuries of the more dangerous isotopes (and long-lived y- 
emitters) may be poured down the laboratory drain at any one time. With 
this exception not more than 0-1 me. per flush of soluble p- and y-active 
material may also be disposed of in this way, but the weekly quantity 
should be less than 1 me. When such a method of disposal of activity 
is used, adequate flushing is desirable, and it is important that weekly 
tests should be made of all traps and fittings to ensure that the 
radiation density does not rise to more than 10 mr./8 hr. day at any 
place where active material is likely to accumulate. 

Larger quantities of and y-active material, and all a-active material 
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(including uranium), sh.ould be stored in special containers until arrange¬ 
ments can be made with the Local Authority for safe disposal. Active 
storage containers should be clearly marked, and as far as possible a 
record should be kept of their contents, as this knowledge facilitates 
safe disposal. 
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SUGGESTED EXPERIMENTS WITH 
RADIOACTIVE MATERIAL 

This course of experiments is designed to illustrate some commonly 
employed radioactive techniques. Except where otherwise stated all 
experiments with p- and y-active isotopes may be performed using a 
Geiger-Miiller counter or a proportional counter and in most cases an 
electroscope may also be employed. Likewise in the experiments with 
oc-emitters any convenient a-sensitive instrument is suitable. It is 
assumed that the operational characteristics of the instrument to be 
used have been determined in the manner described in the appropriate 
sections of Chapters III and IV. 

In this course, radioactive sources which we believe are readily avail¬ 
able in the United Kingdom have been suggested as far as possible. 
Isotopes conveniently prepared by use of radium-beryllium sources 
have also been mentioned where appropriate, although it is appreciated 
that they may not be generally available. All experiments may be done 
using microcurie amounts of activity. 

Experiment 1. To Investigate the Statistics of 

Radioactive Measurement 

Method. Mount a convenient ^-active source of long half-life near 
the window of a Geiger-Miiller counter so that about 5,000 counts per 
minute are obtained and make about fifty observations of 1 minute 
duration (or some other convenient fixed period). The observations 
must be taken in a continuous series without long interruptions, and 
the source, counter, and conditions of the experiment must not be 
disturbed throughout. The results should be recorded systematically 
to reduce the risk of omission or errors in recording. 

The total count in each observation, uncorrected for background, 
paralysis time, etc., should be used to compute the standard deviation 
of the results by calculating the following quantities in order: 

(а) The average count (.f), i.e. the sum of all the counts divided by 
the number of observations (n). 

(б) The algebraic deviation of each count from the average 

(a :—X — A). 

(c) The square of the deviations of each count (A^). 

{d) The standard deviation (a), i.e. the root mean square deviation 

= J 2 -)■ 
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(e) The algebraic sum of the deviations ^)- This should be close 
to zero. 

(/) The mean deviation from the average (A). This is the sum of the 
A’s taking all the signs as positive, divided by n. 

Show that the observations follow a Poisson distribution by making 

the following statistical tests: 

1. Calculate the square root of the average value and show that 
it is equal to the standard deviation (a). 

2. Show that the ratio of the mean deviation to the standard devia¬ 
tion (i.e. A/a) is approximately 4/5 (0-797). 

3. Count the number of times that the deviation is greater than the 
standard deviation, and show that this occurs in approximately 
a third (31-7 per cent.) of the observations. 

4. Similarly, show that the deviation is greater than twice the 
standard deviation in about one observation in twenty (4-6 per 

cent.). 

Precise agreement is not to be expected owing to the small number 
of observations. It is possible, for instance (although very improbable), 
that a large percentage of the deviations will be greater than twice the 
standard deviation. As the number of observations is increased, how¬ 
ever, the chance of such exceptional behaviour becomes progressively 
less. The significance of the difference obtained between the standard 
deviation and the square root of the average may be assessed from 

statistical theoi-y as illustrated below. 

Example, The followung series of thirty observations of the number 

of counts obtained in 1 minute were made, and the quantities indicated 
were computed as sho^vn. 
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Hence 

Sum of all the counts obtained in all the observations == 169,146 

Average count (x) = = 5,638. 

30 

Sum of all the A values (taking account of sign) = -f-G. 

Sum of all the A^ values = 180,878. 

Standard deviation = ^ = 77-6. 

The standard deviation (a) should be compared with 0 = 75-1. In 
this case the standard deviation does not equal the square root of the 
mean, and the question arises whether the difference is significant or 
merely due to the finite number of observations used. This may be 
ascertained from the theory of statistics using the so-called x^-distribu- 
tion which is discussed more fully elsewhere.*f, % Briefly the method 
consists in comparing the deviations from the average value obtained 
experimentaUy with those predicted from theory. This may be done 
for a Gaussian distributionf (or for a Poisson distribution with a large 
number of observations) by determining the frequency of occurrence 
of deviations within given intervals which may be chosen as desired. 
In radioactive counting it is usually convenient to choose six intervals 
equal to the standard deviation. Thus in the range from x to x-^(r 
(or X to x—a) the theoretical frequency is 34-1 per cent., from f-j-a to 
^4-2a (or X—a to x —2a) it is 13*6 per cent., and for greater than :r-j-2a 
(or less than x —2a) it is 2*3 per cent. The differences between the 
theoretical (ff) and observed (/q) frequencies are determined in each 
case, squared, and divided by the theoretical frequency. The value of 



is then calculated, from which the value of P may be interpolated 
from Fig. 1. Assuming the observations to be truly represented by a 
Poisson distribution, P is the probability of a similar set of observations 
giving a value of as great or greater than that obtained from the 
set used to compute The smaller the value of P, the less likely it 
is that random chance will account for the discrepancies obtained 
between the expected and the observed numbers of deviations. If P is 
unreasonably small, it is evidence that the assumed (normal) distribu- 


t G. U. Yule and M. G. Kendall, An Introduction to the Theory of Statistics, Griffin, 
1947. R. A. Fisher, Statistical Methods for Research Workers, Oliver & Boyd, 1946. 

X See R. E. Burgess, Rev. Set. Inst. 1949, 20, 964. 
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tion is not valid. A low value of P thus leads one to suspect that some 
fault in the counting assembly is causing the distribution of the counts 
obtained to be other than that expected from the laws of radioactive 
decay. Similarly a very high value of P, which would indicate very 
close agreement between theory and practice, is so unlikely as to suggest 
that the observed counts are not as random as they should be i.e. 
there is some systematic variation in the observations. In practice, if 
P lies between 6 and 95 per cent., the difference between the observed 
and the theoretical distribution (and consequently the difference be¬ 
tween the standard deviation and the square root of the average number 
of counts) may be regarded as reasonable. Outside these limits, when 
agreement is either very good or very poor, some cause for the results 
obtained should be sought. 

In the example given above, x = 5638 and a == = 75-1. Hence 

we take intervals of 75 on both sides of the mean, as shown below. 


Range 

Observed 

frequency 

(/o) 

Theorelical 

frequency 

Ut) 

So-St 

{without regard 
to fij^n) 


< 6,488 

o 

0-69 (2-3%) 

1-31 

2-49 

5,488-5,563 

2 

4 08 (13-6%) 

2-08 

105 

5,563-5,638 

8 

10-23 (34-1%) 

2-23 

0-49 

6,638-5.713 

14 

10-23 (34-1%) 

3-77 

1-39 

5.713-5.788 

4 

4 08 (13-6%) 

008 

00015 

> 5,788 

0 

0-69 (2-3%) 

0-69 

0-69 

Total 

30 

30 (100%) 

• % 

C-ll 


Thus = 6*11, and from Fig. 1, P is seen to be equal to 29 per cent., 
i.e. there is a 29 per cent, chance that a similar set of 30 observations 
of the same counting rate would have given a value of greater than 
or equal to 6-11. Hence the discrepancy between the observed results 
and theoretical expectation cannot be regarded as significant, and the 
difference obtained between the standard deviation and the square root 
of the average is not unreasonable. If P had been less than 5 per cent, 
it would have been likely that spasmodic fluctuations in the counting 
rate had occurred, probably due to some fault in the operation of the 
Geiger assembly. If P had been greater than 95 per cent, a systematic 
variation in counting rate throughout the experiment would have been 
suggested.f, J 

Use of statistical tests. If the discrepancies between the experimen¬ 
tal observations and the results expected theoretically appear to be 

t G. U. Yule and M. G. Kendall, loc. cit. R. A. Fisher, loc. cit. 
t See R. E. Burgess, loc. cit. 
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significant, this may be due to the occurrence of some intrinsically 
improbable event. It is more likely, however, that the recorded counts 
are influenced by factors other than radioactive disintegration, and the 
most likely cause is some defect in the counting mechanism. To check 
that a counting apparatus is operating satisfactorily it is therefore 



customary to carry out a systematic experiment of this kind with the 
apparatus before it is put into general use. If the apparatus has already 
been shown to operate satisfactorily, this experiment may also be used 
to test whether any other operations introduce errors which appreciably 
increase the overall statistical fluctuations of measurement. Thus, by 
removing and reinserting the same source between observations, the 
reproducibility of positioning of the sample may be tested. If the 
statistical tests given above are still obeyed, positioning is sufficiently 
accurate. If not, the source holder and support should preferably be 
redesigned, although if this is not possible an assessment may be made 
of the probable error from the difference between the standard devia¬ 
tion calculated from the observed results (equal to the square root of 
the sum of the squares of the deviations) and the standard deviation 
predicted from the mean count. The former gives a measure of the 
statistical accuracy of the whole experiment and the latter that intrinsic 
in counting randomly emitted radioactive particles only. 

Statistics of integrating instruments. This experiment is only directly 
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applicable to instruments which count individual particles, but statis¬ 
tical tests may also be applied to integrating types of instruments, such 
as electroscopes, counting ratemeters, etc. In the case of electroscopes 
the statistical fluctuations in general have such a small effect on the 
measured rate of drift that they are seldom significant. With an activity 
such that the time of drift (t) between two fixed scale divisions is 6-15 
minutes, a statistical fluctuation of several seconds is usuaUy observed. 
If the disintegration rate {D) is equal to kjt, where k is a constant, the 
statistical fluctuation in the observed time ha.s a standard deviation 
= aj) t^jk. Since k can be determined by calibration, it is thus possible 
to show that in a series of measurements of the same source t varies 

in accordance with statistical laws. 

In the case of counting ratemeters,f the standard deviation of the 

counting rate may be estimated from the relation 

where x is the mean counting rate (in counts per second), O (in ohms), 
and C (in farads) are characteristic of the integrating circuit (see p. 188). 
Hence knowing the time constant (OC), and determining the counting 
rate by calibration, the standard deviation may be assessed. If is 
not known it may be estimated by observing the recorded activity as 
it falls to zero after an active source has been removed from the counter. 
The time constant is equal to the time necessary for the observed read¬ 
ing to fall to a value of 1/e of its original value, and may be determined 
reasonably well by taking the average of a number of observations. 
If the time constant is determined in this way with a ratemeter which 
incorporates a recording milLiammeter, the pen drag should be reduced 

to a minimum. 

The simplest method of performing this experiment vuth counting 
ratemeters is to record the activity on a graphical trace over a period 
of an hour or more, using a source of constant activity. Provided the 
ratemeter is of short time constant (preferably less than 15 sec.), 
observable fluctuations will be obtained, the magnitude of which de¬ 
pends on the disintegration rate. By use of a planimeter (or otherwise) 
estimate the area under the trace over the whole period and hence 
determine the mean value of the plot. Also determine the calibration 
factor of the ratemeter, either by measuring the pulse rate with a 
scaling unit or by use of a knov.m pulse frequency obtained from a pulse 

I See R. E. Burgess, loc. cit. 

U 
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gensrator. Hence calculate the standard deviation of the counting rate 
by use of equation (la), and from this the standard deviation of the 
ratemeter plot. Next draw lines parallel to the time axis at distances 
equal to multiples of the standard deviation on both sides of the mean 
plot, and determine the total time during which the trace is different 
from the mean value by deviations within the ranges 0 to tr, a to 2o-, etc 
Hence show that the proportion of the time in each category is in 
accordance with statistical predictions. 

Estimation of statistical error in counting experiments. To facilitate 

estimation of the error in radioactive counting, Table 1 on p. 291 

gives a summary of the statistical significance of a given total number 
of counts. 


Experiment 2. To determine the Paralysis Time op a 

Counting Assembly 

Experiment 2 a. Method of paired sources 

If two sources of comparable activity give counting rates x^^ and x 

when counted separately, and a counting rate x^^ when counted together^ 

and x^ is the natural background count (which is included in x^, x * 
and .Tjg), then 

(-'^i)o = =7 ^i(1-|-3:it) (2a) 

with similar equations for arg and In these equations (a:i)o, 

(^’ 12)0 fhe values of x^, x^, and 0:^2 which would be obtained if there 

were no paralysis losses, and t is the paralysis time. We also have the 
relation that 

(2 b) 

Eliminating (a:i)(„ (aTg)^, (.Ti 2 )oi and neglecting xjj, which is small com¬ 
pared with the other terms. 



The accuracy of this equation depends on the assumed relation 
between the counting rate and the paralysis time (equations (3.3) or 
(3.4)), but provided the counting rate is low enough for the correction 
to be less than 10 per cent., it is sufficiently accurate whether paralysis 
times are externally applied or not. 

Method. Prepare two sources A and B, of roughly equal and constant 
activity (see p. 292), place A in such a position that 5-10,000 counts 
per minute are obtained, and count for at least 10 min. Without 
disturbing A , place B in such a position that the counting rate is roughly 
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Table 1 

Siaiistical Significance of a Given Total Number of Counts 


Total 

count 

30 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

00 

95 

100 

125 

150 

175 

200 

250 

300 

350 

400 

450 

500 

550 

600 

650 

700 

750 

800 

850 

900 

950 

1,000 

1.500 
2,000 

2.500 
3.000 

3.500 
4,000 

4.500 
5,000 

5.500 
6,000 

6.500 
7,000 

7.500 
8,000 

8.500 
9,000 

9.500 
10,000 
20,000 
30,000 


Standard 

deviation 

5- 47 

6- 32 

6- 70 
707 

7- 42 

7- 75 

8- 06 

8-37 
8-66 

8- 94 

9- 22 

9-49 
975 

1000 

11-18 

12- 25 

13- 23 

14- 14 

15- 81 

17- 32 

18- 71 

20-00 

21-21 

22-36 
23*45 

24- 49 

25- 50 

26- 46 

27- 39 

28- 28 

29- 15 

30- 00 

30- 82 

31- 62 
38-72 
44-72 
50-00 
54-77 
59-16 
63-24 
67-08 
70-71 
74-16 
77-45 
80-62 
83 66 
86-60 
89*44 
92-20 
94*87 
97*47 

100*00 

141-42 

173-20 


'Probable* 

error 

3- 68 
4 26 

4- 52 

4- 77 

5- 00 

5-22 

5-43 

5-64 

5- 84 

6- 03 

6-21 

6-40 

6-57 

6- 74 

7- 54 

8- 26 

8- 92 

9- 53 

10-66 

11- 67 

12- 61 

13-48 
14*30 
15 07 
15-80 
16*51 
17*19 
17-83 
18*46 
19 06 
19*65 
20-22 
20*77 
21*31 
26-10 
30-14 
33*70 
36*90 
39*87 
42*60 
45-20 
47-60 
49-98 
52-20 
54*30 
56*40 
58-40 
60-30 
62-10 
03-90 
65-70 
67-40 
95-32 

116 74 


'Probable' 
% error 

12-27 

10-65 
10 04 

9-54 
9-09 
8-70 
8-35 
8-06 

7-79 

7-53 

7-31 

7-10 
6 92 
6-74 
6 03 
5*51 
5-10 
4*77 
4 26 


There is 96% chance of 
the 'percentage error 
being less than 

±36-47 

±31-60 

±29-78 

±28-28 

±26 98 

±25*83 

±24*80 

±23-91 

±23-09 

±22-35 

±21-69 

±20-87 

±20-53 

±20 00 

± 17*89 

±16-33 

±15-12 

±14-14 

±12-40 


3-89 

±10-88 

3 60 

±10-69 

3 46 

±10-00 

3-18 

±9-43 

3-01 

±8-94 

2-87 

±8-53 

2-75 

±8*10 

2-64 

±7-85 

2-55 

±7-56 

2-46 

±7*30 

2-38 

±7-07 

2 31 

±6-86 

2 25 

±0 67 

2-19 

±6-49 

2-13 

±6-32 

1-74 

±5-16 

1-51 

±4-47 

1-35 

±4-00 

1-23 

±3-65 

1-14 

±3-38 

1-06 

±3-16 

1-00 

±2-98 

0-95 

±2-83 

0 91 

±2-70 

0-87 

±2-58 

0 83 

±2-48 

0-81 

±2-39 

0-78 

±2-31 

0*75 

±2-24 

0*73 

±2-17 

0*71 

±2-11 

0-69 

±2-05 

0*07 

±2*00 

0-48 

±1-41 

0*39 

±1*15 
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doubled, and determine the counting rate with both sources over a 

similar period of time. Finally, taking care not to displace B, remove 

A and determine the activity of B alone using a counting period of the 

same duration. It is important in this technique that the position of one 

source relative to the counter should not be altered when introducing 
or removing the other. ® 

If both sources can be fixed in a reproducible position, they may be 
counted in any order desired. Sufficient time should be aUowed between 
observations of widely differing activities for a steady counting rate 
to be obtained so as to reduce hysteresis effects (see p. 56). 

The value of r may be estimated from equation (2 c). The standard 
deviation of t should also be calculated (see p. 60). 

Preparation of standard sources 

A convement source of constant activity may be prepared by one of 

the following methods. Other suitable standard sources are given in 
Table 6.1. 6 vcu m 

P~emitters 

cranium oxide 

( aOg) which has not been chemically treated for at least 12 months 
Mount the oxide on an aluminium tray, tamp down uniformly, moisten 
with 5 per cent. coOodion solution (or similar material), and allow the 
solvent to evaporate. To avoid losses the source may be covered with 
aluminium foil or Scotch tape (preferably at least 30 mg./cm.2 thickness 
to absorb the radiation from the UXj). 

(b) Radium D, E, and F. The most readily available source of RaD 

IS decayed radon needles. The sealed needle may be used as the standard 

source or the RaD and RaE may be extracted. Crush the needle in a 

pestle and mortar under 3N nitric acid containing a little hydrogen 

peroxide (to reduce any lead dioxide present) and boil for a few minutes. 

Evaporate an aliquot of suitable activity on a counting tray and cover 

if necessary with aluminium or Scotch tape. Allow the source to stand 

e ore use for about a month to allow equilibrium between the RaD and 

aE to be estabhshed, in case either isotope has been preferentiaUy 

extracted. RaE is an a-emitter and is not usually detected by fl-sensi- 
tive counters. 

{c) Cobalt. Radio-cobalt ('“Co), which is readily obtained by neutron 
irradiation, is usually supplied as a soluble salt, or as cobalt metal, 
which may be dissolved in nitric acid. From the solution a standard 
source may be prepared by evaporation of an aliquot on a tray. Cobalt 
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may also be conveniently electroplated on a metal tray from strongly 
ammoniacal chloride solutions, as described in standard text-books of 
analytical chemistry, f 

oi-emitters 

(а) Polonium (RaF). Polonium may be separated in ‘weightless" 
amounts by slowly stirring a piece of metallic foil (silver, platinum, 
nickel, etc.) in a solution of a radium salt. Its half-life of 138 days is too 
small to be convenient as a permanent source, but polonium (RaF) in 
equilibrium with RaD and RaE decays with an apparent half-life of 
22 years. The RaD-E-F source may be prepared in the same way as 
the ^-standard described above, but must not be covered. 

(б) Radium. Sources may be prepared by evaporation of an aliquot 
of a radium solution on a tray. The possibility of contamination of the 
detecting instrument from radon diffusing from the solid source should 

not be overlooked. 

(c) Uranium is often used as an a-active standard although it cannot 
be employed in ‘weightless’ amounts. For a-counting the uranium 
source should be prepared as a thin uniform film of oxide. Weigh out 
about 0*5 g. uranium nitrate and dissolve it in 25 ml. pyridine. Take an 
aliquot (0-2 ml.) and evaporate off the pyridine on a clean platinum foil 
(previously heated to redness) so that a uniform deposit of nitrate is 
obtained. Then ignite for about 1 minute to decompose the nitrate to 
UgOg. Estimate the a-activity on the foil by calculation, remembering 
that 2 a-particles are obtained from the chain. A source which 
emits about 3,000 a-particles/min. can be obtained by this method, 
suitable for calibrating an a-sensitive instrument. For determmmg 
paralysis times of less than about ^ millisec. such a source would 
be of too low an activity. 

Experiment 2 b. Method of proportional sources 

This method, which does not assume any relation between the 
paralysis time and the counting rate, depends on measurement of the 
observed counting rate of a series of sources of accurately known and 
widely differing activities. Apart from the activity, the sources should 
be as closely similar as possible and in particular of the same weight 
and area. The half-life of the emitter should be long compared with the 
duration of the experiment or knowm accurately enough for a reliable 
correction to be made. A RaD-E-F mixture, prepared as above (or 
any other ‘weightless’ radio-isotope, such as ^ap), is suitable for this 

t F. B. Treadwell and W. T. Hall, Analytical Chemistry, Wiley, 1935. 
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purpose, and may be mounted by evaporation of weighed aUquots of 
solution. ^ ® 


An alternative procedure is to use a single source of a short but 
accurately known half-life which may be aUowed to decay in the counter 

whilst readings are taken at intervals 
thus simulating the use of a large num¬ 
ber of sources of different activity. 
The advantage of this latter technique 
IS that the conditions of experiment 
are unchanged throughout. i 28 j 
p. 296) with a half-life of 24‘99d-0'02 
min.f is an ideal emitter for this 
purpose although iiejn = 54.31 

min.)t and = 2*59 hrs.) are 

also suitable. All these emitters are 
produced by neutron irradiation of an 
element of high capture cross-section 
and can readily be obtained in high 
activity from relatively weak neutron 
sources. i 28 j ^nd eejVIn are also easUy 

__ obtained in enhanced specific activity 

by a Szilard-Chalmers reaction (see 

Fig. 2 . Determination of paralysis ^^POriment 10). Suitable rapidly de¬ 
time by method of proportional caying a-sources are not readily avail- 

decay curve. able, but ThC (/j = 60*5 mm.) has been 



suggested (see Experiment 3 a). 

Method. Observations of the counting rate are made with about 
20 different sources (or intervals on the decay curve of a short-lived 
emitter). In the case of a Geiger-Miiller tube, counting rates up to 
about 30,000 counts/min. should be used. The observed counting rate 
is plotted against a factor proportional to the activity (e.g. volume of 
aliquot, weight, etc.), or in the case of decay, the logarithm of the 
activity is plotted against the time (see Fig. 2 ). The linear portions of 
these curves (assumed to have insignificant paralysis corrections) are 
extrapolated to higher counting rates. At any counting rate the differ¬ 
ence between the observed and extrapolated rates gives the correction 
to be applied. If desired, an overall paralysis time may be computed 
from the average value of r obtained by substitution of the deviations 


t D. E. Hull and H. Seeligh, Phys. Rev. 1941, 60, 553. 
t T. P. Kohman, Anal. Chem. 1949, 21, 352. 
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in equations (3.3) or (3.4), but this assumes that the paralysis time is 
independent of the counting rate. 

It should be appreciated that the methods of both Experiments 2 a 
and 2 b give only an approximate value of r, and for higher accuracy 
the paralysis time should be preset electronically, or determined by use 
of a pulse generator. 


Experiment 3. To determine the Half-life of a 
Radio-element from a Decay Curve 

Experiment 3 a. Decay curve with a single component 

If significant decay of a radio-element occurs in a reasonable working 
period, the half-life may be determined by direct observation with any 
suitable instrument (see p. 54). The following methods may be used. 

Method I. Direct observation of decay. Starting with a suitable activity 
(for Geiger counters, about 5,000 coiints/min.), make observations of 
the activity at frequent intervals so that at least five observations are 
obtained in each period equivalent to a half-life. The duration of each 
observation should be short compared with the half-life (see p. 57). 
Note the time of commencement of each observation and continue at 
least until the activity is less than one-tenth of its original value. Plot 
the logarithm of the observed activity (corrected for paralysis time, 
background, etc.) against the time of observation, remembering that if 
the observations were not all of the same duration the mean time of 
each observation should be used. A straight line will be obUined from 
which the half-life may be interpolated. Also estimate statistically the 
half-life and the error involved, by use of equations (2.28) and (2.30). 

Method II. The ratio method. This method as stated applies only to 
counting instruments, although it could be modified for use with 
integrating instruments (e.g. electroscopes). Commencing with an 
activity of about 5,000 counts/min., observe the number of counts 
obtained from the commencement of the experiment until a time (/) 
when the counting rate is about 3.000 counts/min. Then determine the 
number of counts obtained between times t and 10/. By use of equation 
(2.32) calculate the half-life after making allowance for the background 

counting rate. n- i 

If it is not practicable to determine the counting rate for an effectively 

infinite period (10/), determine the number of counts in the periods 0-/ 

and /-2/ and calculate the half-life by means of equation (2.33). 
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Suitable sources 

For illustrative purposes the experiment is best performed with an 
emitter of short half-life, such as one of the following ; 

• obtained by direct neutron 

irradiation of ^ g. lead iodide or iodine using a radium-beryllium source 

Irradiation for about 3 hrs. will result in a practically saturated activity 

Enhanced activities may be obtained by a Szilard-Chalmers reaction 

(see Experiment 10 a), when the radio-iodine should be mounted as silver 

iodide, or by evaporation of an alkaline solution of potassium iodide 

2. The foUowing emitters may also be obtained using a radium 
beryllium source: 


®®Mn (4 _ 2*59 hrs.) from manganese dioxide or a Szilard 
Chalmers reaction (see Experiment I Ob). 

^^®In (/j = 54*3 min.) from indium metal. 


i65j)y min.) from dysprosium oxide, 

3. In addition, a number of radio-isotopes suitable for use in method I 
are available in the U.K. from pile irradiations, e.g.f 

2‘*Na {/j = 14*8 hrs.) from sodium nitrate or carbonate. 

®^Cu {/j = 12*88 hrs.) from copper metal. 
ih = 7*80 days) from tellurium metal. 


4. As a convenient a-emitter, ThC {t, = 60-5 min.) may be used. It 
may be isolated from thorium nitrate by the following method ■ 
Dissolve Z g. thorium nitrate in 10 ml. water, and bring the pH to 
3-0 3-2 by dropvise addition of ammonia. The gelatinous thorium 
ydroxide which may be obtamed wiU redissolve at this pH on vigorous 

^ per cent, solution of sodium diethyl 

dithiocarbamate and shake in a separating funnel with 20 ml. amyl 

Zth r' complexes of lead (ThB) and bis- 

muth (ThC). Separate the organic layer and evaporate to dryness in a 

small dish^ Treat the residue with 5 ml. of 3N nitric acid and heat to 

boihng to dissolve the ThB and ThC. Filter or centrifuge at this stage 

if necessary. Add 10 mg. each of bismuth and lead carriers to the 

ori^nal solution, and separate ThB and ThC as described for RaD and 
KaE in Experiment 6. 


Experiment 3 b. Decay curve with two components 

Method. When two activities of different half-life are present in the 
same sample and the decay curve is determined in the same manner as 


t See Radioactive and Stable Isotopes, issued by the 
Atomic Energy Research Establishment, Harwell, Berks. 


Isotope Information Office, 


% 
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in Experiment 3 a, the resulting semilogarithmic plot has a form similar 
to that shown in Eig. 2.4. 

The half-lives may be determined graphically (see p. 54). Alterna¬ 
tively the half-hfe of the longer period may be determined by method II 
given in Experiment 3 a, and its calculated contribution during the 
earlier part of the decay may be subtracted from the total activity, thus 
enabling the half-life of the shorter period to be determined. 

Suitable sources i i.i 4 . 

1. soBr. The ( 7 i, y) reaction on produces independently two 

isomeric states of related as follows: 


yr«oBr 

,|<, = 4-4hrs. - s"Kr (stable). 

«.>N* 80 Br 

A smaU amoimt of ^^Br {t^ = 36 hr.) is also produced even in short 


irradiations. „ 

The observed activity first decreases rapidly, due to the decay ol 

the 18-min. activity untU the rate of decay of the daughter «“Br is equal 

to its rate of formation by decay from the excited '"Br parent. The 
observed activity wall then decay with the longer half-hfe of 4-4 hours. 

Irradiate about J g. lead bromide for 12 hours using a radium- 
beryllium source of the order of 1 curie activity. If a source of this size 
is not available, sufficient activity may be obtained by means of a 
Szilard-Chalmers extraction using a source of about 200 me. (see 


Experiment 12a). . 

2. 69Zn. The isomeric states of ®"Zn obtained by neutron irradiation 


are similarly related as follows: 


»». Y 


6 B2n<^ Y ti = 13-8 hrs. 

n. y\^692n 


H = 57 min. 


-> 6®Ga 


A small amount of ^^Zn == 250 days) is also produced. 

This isomeric mixture is most conveniently made by pile irradiation 
and is useful for this experiment up to about 5 hours after irradiation. 

3 . IVIixed emitters may be obtained by pile irradiation of suitable 
salts (e.g. sodium phosphate which gives a mixture of and 

activities). Alternatively synthetic mixtures of readily available radio- 
elements (e.g. 24Na and i^il) may be used. A difference in the half-hves 
by a factor of at least 2 is desirable for ease of resolution. 
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Experiment 4. To determine an External 

Absorption Curve 

Experiment 4 a. Absorption curve of a pure ^-emitter 

Method. A typical absorption curve of a pure ^-emitter is shown in 
Fig. 2.9. It may be determined by inserting absorbers of aluminium 
between the sample and counter up to thicknesses in excess of the range 
of the ^-particles and observing the counting rate for each thickness. 
Absorbers of at least ten different thicknesses (inserted as close as 
possible to the counter) and a source which initiaUy gives about 
5-10,000 coiints/min. should be used. It is seldom practicable to main¬ 
tain constant statistical accuracy in the observations, since long periods 
of counting are required when absorbers of large thickness are used, but 
the counting period should nevertheless be as long as possible. For 
accuracy in determining the range it is also desirable to make several 
observations at slightly differing thicknesses near this value. 

The logarithm of the observed activity (corrected for circuit paralysis 

time, background, etc.) is plotted against the thickness of absorber (in 

mg./cm.2). The amount of ^-particle absorption in the window of the 

counter may be determined by extrapolating the plot to a negative 

thickness (in mg./cm.^) equal to the thickness of the counter window 
and air gap. 

It is instructive to determine the absorption curve {a) with the 
absorbers very near the window of the counter and the source some few 
centimetres away ; (6) with the absorbers very near the window and the 
source also as close as possible, and (c) with the absorbers and source 
close together, but a few centimetres from the counter. From the 
results obtained it will be seen that considerable differences in the 
absorption plot are possible with different experimental arrangements. 
In practice it is customary to use the first arrangement (see p. 96). 

To estimate the energy of a ^-emitter from an absorption curve it is 
necessary to determine the range accurately. The latter may be taken 
as the point at which the observed activity first becomes constant (see 
Fig. 2.9). Alternatively the absorption curve obtained may be com¬ 
pared with that of a standard source by means of a Feather analyser 
(see p. 98). It is then only necessary for the range of the emitter used 
as the standard to be accurately known. RaE (see p. 98), (readily 
available), and UX 2 (see p. 100) may be used as standards, the Feather 
analyser being constructed from the absorption curve of one of these 
emitters for which the range of the j8-particles has been accurately 
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determined as described on p. 96. The range of any other suitable 
emitter may thus be determined from its absorption curve plotted on 
the same scale as the standard and large numbers of observations near 
the range are then unnecessary. 

From the observed range of the )3-particles estimate the maximum 
energy of the emitter by the relations = 0-001857? +0-245 for 

R > 300 and = 0-0128i?'>’25 for 30 < ii! < 300 where R is in 

mg./cm.2 and MeV. 

Suitable sources 

Sottrcc 

aip 

RoE 
VX 
8»Sr 

«oY 
35S 

♦ Calculated fi-om range using above equation. 



Experiment 4b. Absorption curve of a p-y emitter 

Method. The experimental procedure is identical with that of Expen- 

The absorption curve of a typical p-y emitter is shown m Fig. 2.19. 
The constant counting rate obtained for larger alxsorber thicknesses is 
usually about 0-2-4 per cent, of the initial counting rate, i.e. higher 
than obtained with pure /3-emitters for which brcmsstrahlung and cosmic 
rays are the only radiation detected in this region. The contribution 
of the y-rays over the whole range of the absorption curve should be 
subtracted, and the resulting curve used for estimating the range of the 
S-particles by means of the Feather analytical method (see Experi¬ 
ment 4 a). Depending on the value of the range, one of the two equations 
given in Experiment 4 a may be then used to estimate ^^,nax* 


Suitable sources 
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Experiment 4 c. Absorption curve of a complex mixture 

Method. When the maximum ^-energies of two emitters differ by at 
least a factor of two, they may readily be distinguished in the same 
source (if present in comparable amounts) by means of an absorption 
curve and m favourable cases the proportion of each may be estimated. 
I he shape of the absorption curve (which is determined in the same 
inanner as described in Experiment 4 a) will approximate to the sum of 
the individual absorption curves (see Fig. 2.21), 

To estimate the ranges of the )3-particles from two emitters the 
extrapolated contribution of tbe y-rays (IJ in Eig. 2.21) is first'sub- 
tracted from the whole of the absorption curve. The contribution of the 
more penetrating ^-component [FB) is then extrapolated to zero thick¬ 
ness (C) and replotted (CFG) using the same axes as the absorption 
curve of a standard source. By means of the Feather analytical method 
(see p. 98) the range of the more energetic /S-radiation may thus be 
determined in the usual way. The range of the less penetrating radiation 
IS determined m a similar manner from the absorption curve (BE) 

obtamed by subtracting the contribution of the more energetic com- 
ponent. 

The proportion of the two ^-activities of the two emitters in the source 
IS given by tbe ratio of OB to OC, obtained from the intercepts on the 
ordmates of the computed absorption curves of the two components, 
n hen an activity is obtamed by decay from a relatively long-lived 
parent with which it is in equilibrium, the extrapolated activities (at 
zero thickness) of the two components should be equal. 

Suitable sources 

1 . Synthetic mixtures. Synthetic mixtures of two emitters which may 

be conveniently mounted using not more than 20 mg. of carrier are 
suitable for this experiment, e.g. 

(а) >311 and mounted by evaporation of a mixed alkaline solution 
of iodate and phosphate. 

(б) 32p and ^^S mounted as phosphate and sulphate. These two 

isotopes are also produced together on pile irradiation of ele¬ 
mentary sulphur. 

2. Isotopic mixtures 

(a) «6Co and =8Co formed together from s^Fe and «Te by deuteron 
bombardment. 

(b) s^Sr and »<>Sr, either separated from or unseparated (see 
below). 
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(c) ^°®Ru (undetected) and ^®®Rh. 

(6) and (c) may be isolated from fission products. 

3. Genetically related mixtures 

(а) ^“Ce and from fission products. 

(б) UXi and UXg in natural uranium. 

Analysis of the absorption curves of e«Sr, and - The absorption 

curve of mixtures of and »<>¥ is usually difficult to resolve owing to 



the presence of 8®Sr activity also formed in fission, but some simplifica¬ 
tion may be achieved by chemical separation of the as describe 
below. An absorption curve {A) in Fig. 3 is determined on an aliquot 
of the solution containing «®Sr, "^Sr, and ®«Y in equilibrium. This is 
compared with the absorption curve {B) determined within 2 hours of 
the separation of the ®°Y, the two components of which («»Sr and ^^Sr) 
may be resolved in the usual way (curves (C) and (/))). By subtracting 
the contribution of the s^Sr and ^^Sr activities from the absorption 
curve of the equihbrium mixture, the absorption curve of the ^‘‘Y may 
be deduced. Confirmation of the shape of the absorption curve of the 
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="Y activity may be obtained using chemically separated yttrium. The 
activities of the »<>Sr and »»Y, extrapolated to zero absorber thickness 
(allowance being made for the counter window), should be equal The 
«=Sr absorption curve is not strictly linear, however, and errors in the 
extrapolation of curve C may cause some difference in the calculateH 
®“Sr and ““Y activities at zero thickness. 


The chemical separation of strontium and yttrium. To about 10 ml 
solution containing carrier-free s»Sr, foSr, and soy in equilibrium, add 
10 mg. each of strontium and yttrium nitrates as carriers. Precipitate 
yttrium hydroxide by addition of carbonate-free ammonia until alkahne 
to phenolphthalein. Centrifuge off the sohd, add a further 5 mg. yttrium 
to the mother-hquor, stir the precipitate, and separate by centrifugine 
Note the time of the last separation, since this is the time from which 
the yttrium begins to grow in the strontium. To the combined filtrates 
add excess sodium carbonate, and centrifuge or filter off the precipitated 
strontium carbonate; wash the Y and Sr precipitates with water and 
mount for counting in the usual way (see p. 226). 


Experiment 4 d. Absorption curve of a rapidly decaying emitter 

Method. When significant decay occurs during the time of measure¬ 
ment of the absorption curve and the half-life is not accurately known 
necessary correction factors may be determined by measuring the 
activity with no absorber and observing the decay between each pair 

of points on the absorption curve. Note the time from the commence- 
ment ot the experiment of each reading. 

Suitable sources 

128I_ 38CJ, 144pi,_ 56Mn, 


Experiment 4e. Absorption curve of a y-emitter 

Method. The only difference of procedure in the case of a y-eniitter is 

the arrangement of the detector, the absorbers, and the source. A piece 

of thick aluminium sheet (1 g./cm.=) is placed close to the window of the 

counter to prevent any secondary electrons from being detected. The 

source is mounted about 5 cm. away from the counter window, and 

absorbers of lead (thicknesses from 1 g./cm.^ to about 40 g./cm.^) are 

inserted about midway between the counter and source. The logarithm 

of the observed activity is plotted against the thickness of the lead 
absorber in the usual way. 

From tlie semilogarithmic absorption curve, determine the half- 
thickness and estimate the y-energy by interpolation from Fig. 2.26. 
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If two y-ray components of sufficiently different energies are present 
they may be resolved by the method described in Experiment 4 c. 

Suitable sources 


Emitter 

y-energies {MeV) 

»*Na 

1-38, 2-76 

“Co 

112.* 1-30* 

•*Cu 

1-35 

•»Zn 

0-439 

«»Zr 

0-23, 0-73.* 0-92* 

“Nb 

0-75 

»»*Au 

0-411 


* Those two components will not bo resolved. 


Experiment 5. To determine a Self-absorption 

Curve of a ^-emitter 

Method. A self-absorption curve is determined by measuring the 
apparent /3-activity obtained from different thicknesses of samples of 
identical specific activity. The sample material should be homogeneous, 
and readily mounted in a uniform layer. It may be finely divided 
powder or a liquid. The thickness (in mg./cm.^) of each source is usually 
determined from the weight and the superficial area. 

A series of such sources are made up to cover the working range, and 
the activity (a) of each is determined (with the usual corrections). The 
activity per unit thickness (or the logarithm) is plotted against the 
thickness ((/). The absorption correction necessary to relate observa¬ 
tions at one thickness to observations at any other thickness within the 
experimentally determined range is equal to the quotient of the values 
of ajg at the two thicknesses. If many correction factors are to be 
determined from such a plot it is convenient to use a reference point, 
which may, for instance, be the value of ajg extrapolated to zero thick¬ 
ness. If, however, an accurate measure of the activity/unit weight at 
zero thickness of sample is required, several observations should be 
made below 5 per cent, of the range of the ^-particles in the solid as the 
self-absorption plot may not be linear in this region (see p. 236). In 
some cases a maximum in ajg may be observed (see Fig. 6.S6). 

From the linear portion of the curve above about 5 per cent, of the 
range, determine the self-weakening half-thickness and show that it is 
approximately equal to 2-3 times the external absorption half-thickness. 
The latter should be obtained from the aluminium ^-absorption curve 
at low absorber thicknesses, determined as described in Experiment 4. 
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Source 

Form of source 

Sample weights up to 
about (mg.Jcm.*) 

UX (with a 30 mg./cm.® external 
absorber to prevent detection of 
the UX^ radiation) 

Uranium oxide 

600 

14C 

Barium carbonate 

30 

36S 

Barium sulphate 

36 

32p 

Magnesium pyrophosphate 

400 

ISIJ 

Cuprous iodide 

160 


Experiment 6. To measure the Growth op a 
Daughter Element from its Parent 

The parent is first chemically purified from its descendant and the 
time of separation is noted. The activity is determined at intervals as 
the daughter grows and is plotted against the time from the initial 
separation. Two examples will be described: 

Experiment 6 a. To separate RaE from a mixture of RaD and 

RaE, and to observe the growth of RaE in the purified RaD 

RaD —^ RaE —RaP 

IVIixtures of RaD, RaE, and RaE are available from radio-lead, 
obtained from old radon needles or in the separation of lead salts from 
radium ores (see Experiment 2 a). The ^-particles from RaD are not 
detected in most ^-counters, so that the observed activity grows from 
zero in purified RaD as the RaE daughter is formed. 

Method. Take a sample of the RaD—E—F solution containing a reason¬ 
ably measurable activity and precipitate lead sulphate by adding a 
smaU quantity of sulphuric acid, if necessary adding 10 mg. of lead and 
bismuth carriers. Centrifuge off the lead sulphate (RaD), wash, and 
mount on a tray. Then precipitate bismuth sulphide (RaE) by passing 

hydrogen sulphide into the solution, centrifuge off the precipitate, wash, 
and mount. 

Measure the activity of the RaD and RaE samples once each day for 
3 or 4 weeks (correcting for variations in counter efficiency by using a 
standard source). Plot the observed activity against time. The RaE 
specimen should decay to zero with a half-life of 5 days, whilst the RaD 
specimen should grow from zero to a constant activity with the same 
half-hfe. If precipitation is complete in both cases, the sum of the two 
activities should be constant. 
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Experiment 6 b. To separate radio-lanthanum (^^®La) from a 
mixture with its parent (radio-barium) and to follow the 
growth of activity in the purified radio-barium 

Method. To about 5 ml. or less of a solution of radio-barium 
containing a reasonable activity, add 10 mg. each of barium nitrate and 
lanthanum nitrate. Precipitate lanthanum hydroxide by addition of a 
minimum amount of carbonate-free ammonia. Centrifuge, wash the 
precipitate, and mount ready for counting. Acidify the mother-liquor 
with hydrochloric acid, reduce the volume to less than 5 ml., and add 
about 30 ml. of a mixture (5 : 1) of hydrochloric acid and butyl alcohol 
to precipitate barium chloride. Filter off the precipitate and mount in 
the usual way for determining the activity (see p. 22G). 

Count the lanthanum and barium samples at intervals for about a 
fortnight. The maximum activity of the barium sample is obtained at 
105 hrs. In this case the sum of the two activities is not constant since 
the parent is also decaying. On the same graph paper plot (o) the 
observed activity of the barium sample against the time and (5) the 
decay curve of the activity computed from the half-life (12-8 days) 

and the initially observed activity. By subtracting the latter from the 
observed activity, calculate the growth curve of the ^^‘‘La daughter. 
Show that the i*°La activity passes through a maximum at about 
134 hrs. and that the sample finally decays with the half-life of the 
i^oBa parent and not that of ^^‘^La. The half-life of i^*»La may be deter¬ 
mined from the separated lanthanum sample. 


Other genetically related pairs 

(а) ®®Sr-®**Y, separated as described in Experiment 4c. 

(б) UXi-U, separated as described in Experiment 8. 

(c) i^^Ce-'^^Pr. After addition of carrier, oxidizet cerium to the ceric 
state with potassium bromate in 8N nitric acid and precipitate 
ceric iodate by addition of 0-35M potassium iodate in 8N nitric 
acid. Centrifuge the precipitate, wash and mount. Since the 
i44Pr has a half-life of 17 min. this separation must be done 

quickly. 


t For further details see A.. .4. Noyes and \\ . C. 13ray, A 
for the Rarer Elements, Macmillan, 11127. 

5197 
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Expeeiment 7. To deteeminb the Degeee of 

^-PAETicLE Back-scattering 

Method. The magnitude of ^-particle scattering may be determined 
by mounting emitters of different energy on thin supports and deter 
mining the inerease in observed activity obtained when plates of various 
metals support the sources. To avoid scattering by inert material 
present in the sample, sourees should, as far as possible, be carrier-free 
Mount each source on a piece of plastic material or mica, if possible less 
than 1 mg./cm.2 thickness, and support it over a hole cut in a piece of 
aluminium plate. Insert different thicknesses of metal foil as close as 
possible behind the source, up to a thickness of about J of the maximum 
range of the ^-particles in the metal foil used andmeasure the countingrate 
Plot the percentage increase in observed activity against the thickness 
of backing material for each metal and each emitter (see Pigs. 2.11 and 
2.12) and show that back-scatter is greatest for /3-emitters of high 
energy and back-scatterers of high atomic weight. Interpolate the 
percentage increase in the observed activity obtained with each emitter 
for a single metal backing of any convenient thickness and plot it 
against the maximum ^-energy (£■„,,). Using this curve the value of 
®max mr an unknown ^-emitter may be interpolated from the percentage 
back-scatter observed under the same conditions (see p. 82). This 
method is most sensitive for yS-energies below about 0*6 MeV. 

Suitable sources 

Almost any ^-emitter obtainable in high specific activity is suitable 

The following are suggested; eoco, (in equiUbrium with 

io6Ru), 1311, RaE, UX. 

Suitable metals 

Any metal obtainable as a foil is convenient, but the following form 
a useful range: Al. Cu, Ag, Ft, Pb. Difficulty may be experienced in 
obtaining a sufficiently wide range of thicknesses of aU these metals. 

If so. it is sugpsted that effectively infinitely thick foils are used to 
obtain saturation back-scatter with a number of metals and the com¬ 
plete back-scatter curve is determined only in one or two cases (e.g. with 
aluminium and copper). 

Experiment 8. To calibrate a )3-sensitive Instrument 

The geometrical efficiency of a /9-sensitive assembly may be deter¬ 
mined from the observed activity obtained with a source of known 
disintegration rate. The following procedures are appbcable to any 
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y3-sensitive instrument with an efficiency of more than about 1*0 per cent., 
and it is of interest to compare the geometrical efficiency obtained m 
practice with that estimated trigonometrically. For instance in the case 
of a ‘bell jar’ Geiger-Muller counter the geometrical efficiency may be 
assessed from the solid angle subtended by the window of the counter 
at the centre of the source, due allowance being made for the size of the 
sample tray (see p. 230). 

Experiment 8 a. Calibration by direct weighing 

Method. Weigh out enough finely divided uranium oxide (UgOg) 
to cover the sample tray as an evenly spread layer not more than 
20 mg./cm.2 thick and cover it with an external absorber of 30 mg./cm.^ 
At least 0 months should have elapsed since the UsOg was used m a 
chemical reaction so as to eliminate any possibility of non-equihbnum 
between the UX and the uranium. Place the tray under the counter 
and determine the activity. Apply corrections for circuit paralysis 
losses, background, external absorption, self-weakening, scattering, and 
the finite sample area (using Fig. 0.7). From the corrected count and the 
disintegration rate calculated from the weight of UgOs, determine the 

geometrical efficiency. 

Experiment 8 b. Calibration by separation of UXi with carrier 
Method. To reduce absorption losses, and to obtain a higher counting 
rate, it is better to estimate the UX activity in uranium after separation 
from the bulk of the uranium. Make up a solution containing ‘aged’ 
uranyl nitrate (UOalNOalaOHaO) at a concentration of about 4 g./100 ml. 
and take 5 ml. in a plastic centrifuge tube which is resistant to hydro¬ 
fluoric acid. Add 2 ml. lanthanum nitrate solution (containing O o g. 
La(NO 3 ) 36 H 2 O /100 ml.) and about 3 ml. of 40 per cent, aqueous hydro¬ 
fluoric acid. Centrifuge off the precipitated lanthanum fluoride which 
carries with it all the UXj. Wash twice with distilled water, mount the 
specimen on an aluminium tray, using water as transferring liquid, dry 
and weigh. Determine the counting rate with an external absorber of 
30 mg./cm.2 and estimate the geometrical efficiency after applying the 
same corrections as given in the previous method. 

Experiment 8 c. Calibration by a-counting of RaD-E-F 

Method. Since the measured a- and ^-activities of RaD-E-F mix¬ 
tures are equal (neglecting the soft ^-radiation due to RaD), the 
^-activity of the mixture may be estimated from the observed a-activity, 
using an a-measuring instrument of known efficiency (e.g. an ionization 
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chamber with 50 per cent, geometry). A thin source of RaD-E-F is 
mounted on a flat piece of foil, the a- and ^-counting rates are deter¬ 
mined, and the usual corrections are applied. Alternatively a separated 
source of RaE may be used and the ^-activity compared with the 
□(-activity as the latter grows due to the formation of RaP. The 

efficiency of the ^-counter may then be estimated by a simple calcula¬ 
tion.f 


Experiment 9. To show that Neutron Capture by 
Silver Foil occurs more readily when the 
Neutrons are of Row Energy 

The principal nuclear reactions which occur when silver foil is 
irradiated with neutrons are 


lO’Ag (n,y) lOfiAg 


_ ^^ 

s= 2-3 min. 




and 


i«»Ag (n,y) noAg 


->• 

= 24 sec. 




Both reactions take place with neutrons of high and of thermal energies, 
but the yields are much larger in the latter case. 

Method. Mount a piece of silver foil about 2 in. square and less than 
i mm. thick on a handle. Also mount a radium-beryllium capsule (if 
desired in an aluminium box) at a fixed distance (about 10 cm.) from 
the foil, remote from possible scattering materials, particularly materials 
of low atomic weight. (Handle the radium-beryUium source with tongs, 
and as far as possible keep it behind a lead wall.) A wide range of 
radium-beryllium source strengths are suitable for this experiment. 

Irradiate the foil in air for 10 min. Note the time, and quickly transfer 
the foil to a reproducible position near a ^-counter. Measure the total 
count obtained during the period from 1 to 3 min. after the end of the 
irradiation and compare it with a similar observation in the second half 
of the experiment. If the counting rate is high enough, repeat the 
irradiation and take counts over successive intervals of J min. until 
the activity has decayed. Estimate the half-lives and relative yields of 
the components by the methods given in Experiment 3. 

With the neutron source and silver foil at the same distance apart, 
repeat the experiment in an irradiation assembly (see p. 202), when the 
neutrons will be slowed down before being captured by the silver. The 
count recorded will be at least one order of magnitude higher than that 

t For details see B. P. Burtt, Nucleonics, 1949, 5, No. 2, 28. 
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obtained in the previous case. Again estimate the relative yields of the 
two activities, and from the abundance of the parent atoms estimate 
the relative capture cross-sections (assuming absorption in the window 
of the counter to be negligibly small). 

Irradiate the silver foil in the irradiation assembly for different 
periods from 15 sec. up to 15 min. In each case transfer the foil quickly 
to the counter and immediately commence to take readings. Without 
stopping the counter, note readings at intervals of 15 sec. Plot a semi- 
logarithmic decay curve and estimate the yield (at the end of the 
irradiation) of the two activities in each case. For each activity, plot 
the yield against the time of irradiation. Growth curves will be obtained 
which show (a) that half the maximum activity is obtained in a time of 
irradiation equal to the half-life, and (6) that no appreciable increase in 
activity is obtained by increasing the time of irradiation longer than 
about six half-lives. 

Experiment 10. To study the Formation of 
Radioactive Material in High Specific Activity by 

Szilard-Chalmers Reactions 

The Szilard-Chalmers method is useful both for the separation of 
material of high specific activity and to a lesser extent as a method of 
synthesis. The reaction may be conveniently illustrated by neutron 
irradiation of iodo-substituted organic compounds and of potassium 
permanganate. The neutron irradiation of phosphate is an example of 
a Szilard-Chalmers reaction which may be performed in a pile. 

Experiment 10 a. To separate radio-iodine from ethyl iodide 
Method. A neutron source suitable for use in the laboratory should 
be employed in this experiment because of the short half-life of the 
product ^281 nucleus (h = 24*09 min.). Irradiate about 250 ml. of 
redistiUed ethyl iodide in an irradiation vessel for at least an hour, 
using a laboratory neutron source. At the end of the irradiation note 
the time, transfer the ethyl iodide to a separating funnel, and shake 
with four separate aliquots of 10 ml. of a solution of 2 g./litre of potas¬ 
sium iodide (sulphur dioxide solution may be used if carrier-free iodine 
is required). Note the total volume of extract. Separate the ethyl 
iodide layer and shake the aqueous extract with 30 ml. carbon tetra¬ 
chloride to remove any remaining ethyl iodide in the aqueous layer. 
Separate the carbon tetrachloride layer. Take 10 ml. of the aqueous 
extract in a 15-ml. centrifuge tube, and add 2 ml. dilute nitric acid. 
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Warm the tube in a boiling water-bath with excess silver nitrate 
solution to precipitate the silver iodide. Heat for 5 min. to coagulate 
the precipitate and centrifuge. Decant the mother liquor and mount 
the precipitate for counting—this extraction should be completed 
within 30 rain, of the end of irradiation. Determine the half-life of the 
radio-iodine, and estimate the amount of active iodine present in an 
extractable form at the end of the irradiation. 

To estimate the yield of retained active iodine, dissolve J ml. of the 
extracted ethyl iodide in 100 ml. alcohol, take an aliquot of 1 ml., and 
hydrolyse by warming with dilute alcoholic caustic soda. Precipitate 
silver iodide by adding excess silver nitrate, acidify in the cold with 
nitric acid, and mount. When determining the activity note the time 
from the end of the irradiation. Calculate the percentage of the active 
iodine retained under these conditions. Also show that less iodine is 

retained in the ethyl iodide when it is irradiated in solution in 1 litre of 
benzene or carbon disulphide. 

Note on the mounting of silver iodide precipitates 

Silver iodide precipitates are often difficult to remove from the pre¬ 
cipitation vessel without loss as some solid always floats on the surface 
of the liquid and adheres to the walls of the vessel. To lessen this the 
precipitation should be made from hot dilute nitric acid solutions, but 
even then it may be necessary to remove the adhering solid from the 
side of the vessel by means of a ‘bobby*. Agitation of the mother 
liquor during precipitation is also helpful. 

Experiment 10 b. To separate radio-manganese from potassium 
permanganate 

Radiomanganese {«Mn) is also of short-half-life (2-59 hrs.) and is 
conveniently obtained from a radium-beryllium source. 

Method. Irradiate 100 ml. of a saturated solution of potassium per¬ 
manganate overnight. If sufficient manganese dioxide is not obtained 
by reduction of the permanganate by traces of organic matter, add 
5 ml. N/10 manganese sulphate solution, warm, and filter off the pre¬ 
cipitated manganese dioxide. If any manganese dioxide sticks on the 
walls of the glass, redissolve it in a dilute sulphur dioxide-sulphuric 
acid mixture, precipitate with hydrogen peroxide and ammonia, and 
filter. Wash and dry on the filter-paper, measure the activity, and 
determine the half-life. Likewise determine the activity obtained from 
a precipitate of manganese dioxide formed in a similar manner from the 
mother-hquor remaining after the first precipitation and show that the 
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retention of activity in the mother-liquor is low. Also compare the 
retention obtained by carrying out the initial precipitation with 
irradiated solutions of different pH’s. In the alkaline range the retention 

becomes high. 

Show that exchange between the precipitated manganese dioxide and 
manganous ions is slow by shaking an aliquot of the active precipitate 
of manganese dioxide for about an hour with a neutral solution con¬ 
taining 20 mg. of manganous sulphate in 100 ml. solution. Carefully 
filter off the manganese dioxide, dry the filter-paper, and measure the 
activity. Then precipitate manganese dioxide from the manganous 
sulphate solution by adding ammonia and hydrogen peroxide. Filter 
off the precipitate, dry the filter-paper, and measure the activity 
immediately after determining that of the original manganese dioxide 
which should be the more active. In this experiment the last precipita¬ 
tion should be performed in a clean vessel completely free from adherent 

manganese dioxide. 


Experiment 10 c. To determine the percentage activity pre¬ 
sent as phosphite in neutron-irradiated phosphate 
When phosphates are irradiated with neutrons, radioactive phosphite 
is obtained by a Szilard-Chalmers process. With low intensity sources 
the yield is too small to be readily detected, and this experiment is 
therefore best performed with pile irradiated material. This method is 
not usually employed for isolating radio-phosphorus, but the analysis 
of the mixture easily demonstrates that a considerable quantity ot the 
radio-phosphorus (about 40 per cent.) is present as phosphite. 

Method. Take about 0-2 g. of irradiated sodium phosphate which has 
been allowed to stand for at least a week to allow the majorrty of the 
2»Na activity to decay and dissolve in about 100 ml. water. To 0 ml. 
add 10 mg. of sodium phosphite as carrier and 3 ml. concentiated 
hydrochloric acid. Also make up 50 ml. of a mixture containing --o g. 
magnesium chloride and 5 g. ammonium chloride, acidified (afte 
filtration if necessary) with \ ml. concentrated hydrochloric acid. Add 
5 ml. of this solution to the phosphate solution followed by co 
centrated ammonia using methyl orange as indicator. Keeping ue 
solution alkaline stir for 5 min., and filter off the P-‘=.-P'‘'‘ted . ag^ 
nesium ammonium phosphate, washing the precipitate with ^"t® 

ammonia. Redissolve the precipitate in 50 ml. warm dilute hydro¬ 
chloric acid, and repeat the precipitation to remove ‘‘‘"y 
phosphate activity present which might have been carried don n 
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experiments 

first time. Finally mount a weighed quantity (about 20 mg ) of the 
precipitation on a tray ready for counting in the usual way. ^ 

To a second sample of 10 ml. of irradiated sodium phosphate solution 
add I ml. concentrated nitric acid and boil for 5 min. io oxidize ^ 
phosphite to phosphate. Estimate the total 32p activity present bv 
precipitating magnesium ammonium phosphate as described above and 
determine the percentage of the activity originally present as phosph^ 

?able r/r'"' Szilard-Ckalmers separations. (See also 

(a) 3«C1 from chlorates and perchlorates using a radium-beryllium 
source, f 

®®Co from sodium cobalticyanide in a pile.f 
^®yr from tri-ethylene diamine iridium nitrate§ in a pile or with 
a large radium-beryllium source. This is similar to tL previous 
e.xampJe, but more difficult experimentally 

fThe iron activity is extracted 
ith diy, dilute, ethereal hydrochloric acid using a Soxhlet 

apparatus. After 1 hr., evaporate the ethereal layer to dryness 

This separation gives good chemical yields, but even in a pile the 
amount of ^^Fe produced is small. 

ExPEEIMENT 11. To PEEPASE ACTIVE MeTHYL loDlDE AND 
S^^ETHYEENE lODIDE BY A SziLAED-ChAEMEES REACTION 
hen methyl iodide is irradiated with neutrons, apart from the free 
lodme there is a so obtamedft radioactive methyl iodide (40-45 per cent, 
f the activity) and (~ 10 per cent.) methylene iodide (see p. 214) 

as^foHoTr^'”" activity obtained in these states may be estimated 

Method. Irradiate 100 ml. methyl iodide with a radium-beryllium 

LTnT k V separating funnel, extract the free 

iodine as described in Experiment 10 a, mount it as silver iodide, and 

measure its activity. Dry the remaining methyl iodide by shaking for 

a few mmutes with anhydrous calcium chloride, and add 1 ml. of dilute 

methylene iodide solution (1 ml. methylene iodide made up to 100 ml 

with absolute alcohol). Next add 10 ml. of butyl alcohol and distil, 

coUecting the distillate untfi the temperature rises above 110° C., when 

t w. F. Libby, J.A.C.S. 1940, 59, 498. 

t S. Chatterjeo and P. Ray, Tram. Bose Res. Insl. Calcutta 1937-8 13 43 
^ J. Ste.gman, Phrjs. Pev. 1941, 59. 498 ’ ’ 

IMS, 162, 567. 

Tt E. Glueckaiif and J. W. J. Fay, J.C.S. 1936, 390. 
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about 5-10 ml. should remain (b.pt. methyl iodide 42-5® C., methylene 

iodide 180® C., butyl alcohol 118® C.). 

Measure the volume of the methyl iodide distillate and dilute ^ ml. 
with absolute alcohol to about 60 ml. Take 1 ml. of the diluted solution 
and precipitate silver iodide with aqueous silver nitrate (slightly acid), 
warming if necessary. Centrifuge off the precipitate, wash, mount in 
the usual way, and determine the activity. 

Transfer the methylene iodide residue from the distillation flask to a 
beaker; likewise precipitate silver iodide, centrifuge, mount, and 
measure the activity. 

Compare the activities of the three specimens of silver iodide as nearly 
at the same time as possible, and make a correction for decay. Estimate 
the proportion of the active iodine obtained in the three different forms. 
The three specimens should be ready for measurement within an hour 
from the end of irradiation. To facilitate speed, all the necessary 
apparatus, reagents, etc., should be prepared ready for use before the 
methyl iodide is removed from the irradiation vessel (see p. 202). 

Further work 

{a) Investigate the effect of dilution of methyl iodide with benzene 
before irradiation on the yields of active methylene iodide, methyl 

iodide, and iodobenzene (see p. 215). 

(6) The following may also be separated by distillation after a Szilard- 

Chalmers reaction. 


Substance irradiated 

Separable active species 

CHjBr, 

CHBr, 

CHBra 

CBr* 

CeHaCl 

C«H,Ch 

CHaBrCOOH 

CH^Br, 


Experiment 12. To apply the Szilard Chalmers 

Effect to Nuclear Isomers 
The chemical consequences of nuclear isomerism afford a convenient 
means of studying the genetic relationships between the isomers. In 
the following examples the ground state may be conveniently separated 

from the excited state. 


Experiment 

isomer 


12 a. To separate 18 min. ®®Br from its 4-4 hr. 




8ogr* 

Excited state 


/4 = 4-4 hrs. 


80 Br 

Ground state 


= 18 min. 


80 Kr. 
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Method. Place 100 ml. bromobenzene in an irradiation assembly with 
a radium-beryllium source for about 12 hrs. (e.g. overnight). Shake the 
bromobenzene with three lots of 25 ml. bromine water which has been 
reduced to bromide with a little sulphur dioxide. (The bromine water 
should be made up by diluting about 2 ml. bench bromine water with 
200 ml. distilled water.) Note the time at which the last extraction is 
made. Combine the three extracts and remove excess sulphur dioxide 
by addition of a little bromine water. Precipitate silver bromide by 
addition of silver nitrate solution, filter and wash the precipitate, mount 
it on a sample tray, and determine its activity. 

After some time some of the bromine in the excited state 

remaining unextracted in the bromobenzene will have decayed to the 
ground state and be liberated as free bromine. A second extraction of 
the original bromobenzene should be made about 1 hr. after the first 
extraction, noting the time. Likewise, repeat the procedure at equal 
intervals (separated b 3 '- about 1 hr.) for a period up to 10 hrs. from the 
end of the irradiation. The activity of each sample should be measured 
as soon as it has been mounted, and the decay curve determined. 
Except for the first specimen, the activity will decay with a half-life of 
18 min. The decay curve of the first specimen will have at least two 
components of 18 min. and the 4*4 hr. half-lives, each of which are to 
some extent formed independently in the initial irradiation. There may 
also be detectable amounts of the 36-hr. activity ^^jgr. 

Estimate the total activity of the first sample and the proportion of 
each component present at the time of extraction. Likewise determine 
the activity of the remaining samples at the times of separation and plot 
the logarithm of the activity at that time against the time of extraction. 
The plot should have a slope corresponding to a half-life of 4*4 hrs. 

In this experiment the precipitates should be ready for counting 
within a half-hour of each extraction. 


Experiment 12 b. To separate the ground states of the tellurium 


isotopes from their isomers 

127'j'e* 

y 

i27Te 

= 90 days 

i29Te* . 

y 

i29Te 

4 = 32 days 

i3iTe* 

y 

- > 

i3iTe 




= 30 hrs. 


= 9-3 hrs. 

% 

= 72 min. 

jg 

= 25 min . 


(stable) 


(^i very long) 


131J 




4 = 7-80 days 


®^Xe (stable) 
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A mixture of the above tellurium isotopes is obtained from fission 
products, the proportion of each depending on the age of the source. 
Normally i^upe will be absent and if the source is older than about 1 year 
the will likewise be absent. A mixture of i^^Te and i^o^c may also 

be obtained by neutron irradiation of tellurium for a period of a few 
months, followed by a period sufficient for the chain to decay. On 

formation of the daughter ground states, reduction of the active atom 
from tellurate to tellurite occurs so that the daughter activities may be 
chemically separated from their parents and estimated. Using this 
method the growth of the ground states may be demonstrated. 

Method. For this experiment a solution of radio-tellurium (about 
50,000-100,000 counts/min. for Geiger counters) containing at least 
20 mg. tellurium carrier in about 100. ml. dilute sulphuric acid is 
required. Slowly add 0-1N permanganate until the solution just remains 
coloured. Warm if necessary. This oxidizes all activity to the tellurate, 
and it is important that the oxidation should be complete. The time 
should be noted. Add 200 mg. tellurite carrier to the solution and 
divide it into 10 aliquots of 10 ml. Tellurium sulphide is now precipitated 
from different aliquots by passing in hydrogen sulphide at convenient 
intervals from \ hr. up to 20 hrs. from the time of the permanganate 
oxidization. (Tellurium sulphide is not readily precipitated by hydropn 
sulphide from tellurate solutions.) Leave one aliquot for 3 days before 
precipitation so that radioactive equilibrium is established. In each 
case filter, wash, and mount the precipitate. Determine the activity 
and the time immediately after mounting and again about 24 hrs. later, 
when the 72 min. activity has decayed. From the two observations and 
the known half-lives of the ground states of the and ^^^Te isotopes 

estimate the proportion of the two components at the time of separation. 
(A more accurate estimation may be made by following the decay 
curves, if time permits.) Plot the activity of each component against 
the time of extraction and show that they grow with half-lives of 
9-3 hrs. and 72 min. respectively. 

Experiment 13. To identify the Secondary Activities 

PRODUCED IN Pile Irradiation of an 
Alkali ISIetal Chloride 

When elements of low atomic weight are irradiated in a pile, some 
(« p) and {n, a) reactions take place simultaneously with the usual 
{n[ y) reaction. Thus, if rubidium chloride is irradiated in a pUe, the 

following reactions occur; 
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Reaction 

Half-life of prodticl nucleus 

«Rb 

(n, y) 

«*Rb 

19*6 days 

*’Rb 

{n, y) 

®8Rb 

17*6 min. 


(w» y) 

3301 

38‘5 min. 

35C1 

in, y) 

3301 

4*4 X 10® yrs. 

38C1 

in,p) 

36S 

87*1 days 

38C1 

in, a) 

33p 

14*0 days 


If the time of irradiation in a pile is of the order of a week and the 

source is subsequently allowed to decay for a week, only the ®®Rb 

35S, 32p^ and 36Ci activities and long-lived impurities (predominantly 

caesium) wUl be present. The s^Cl activity is usuaUy in sufficiently 

small amounts to be neglected. The rubidium activity may be separated 

from the sulphur and phosphorus activities by adsorption on an ion 
exchanger. 

Method. Dissolve a known weight (about 0*1 g.) of irradiated rubidium 
chloride in 10 ml. water, add 10 mg. each of sodium sulphate and 
phosphate to act as carriers, and allow the solution to percolate through 
a cation exchanger (see below) at a flow rate of about 20 ml./hr. The 
rubidium activity will remain on the exchanger. When the solution has 
all been added to the column, wash with about 50 ml. water to remove 
unadsorbed activity (^^S and Make the eluate up to 100 ml. and 
take an aliquot sufficient to give an easily measurable activity. Make 
alkaline with lime-water, and evaporate to dryness on a tray. (Evapora¬ 
tion from alkaline solution prevents volatilization of free acids.) 
Determine an absorption curve using a counter with a thin window, 
when the two components should be distinguished. The will be in 
much greater amounts than the Estimate the proportion of each 
as described in Experiment 4. Since these two emitters are of widely 
differing ^-energy the proportion will be more accurately obtained if a 
correction is applied for back-scattering and self-absorption. 

Wash the ion-exchange column with 50 ml. concentrated hydrochloric 
acid to remove the ®®R.b activity from the column. Remove the hydro¬ 
chloric acid by evaporating to dryness, redissolve the solid, and make 
up the solution to 100 ml. Using a sufficiently large aliquot to give a 
measurable activity, mount a specimen for counting in the usual way. 

Calculate the relative yields from the (n, y), (n,p), and {n, a) 
reactions at saturation. 

Ion-exchange column. Suitable exchangers are Amberlite I.R. 1 or 
I.R. 100, Zeokarb 215 and 225, and Dowex 50, of which about 5 g. of 
the first three or 2 g. of the last two will be required. The exchangers 
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should be finely divided (60-200 mesh) and the column (about 5 mm. 
diameter) should be filled with a slurry in water so that the exchanger 
can settle under gravity. During preparation and operation the column 
should not be allowed to run dry or develop air-bubbles. If this should 
happen the column should be refilled. The exchanger should be con¬ 
ditioned by washing first with 100 ml. N hydrochloric acid and then 
with 100 ml. N sodium chloride. This should be repeated several times. 

the last wash being of acid. 

A-lternative 7 nat€rials for irradiation. Any alkali metal chloi'ide may 
be similarly used, but except for i^^Cs the half-life of the cation is short. 
If it is not desired to separate the cation activity it can be allowed to 
decay, when the ion exchange separation will not be necessary. 

Experiment 14. To show that the Percentage of an 
Activity which is carried down by a Precipitate 
MAY BE considerably REDUCED BY ADDITION OF A 
Carrier to the Solution before Precipitation 

Method.^ To two samples of about 10 ml. of a solution each contain¬ 
ing sufficient carrier-free radio-phosphorus to give a readily measurable 
activity from 0-2 ml. solution, add 10 mg. dialysed iron. Add 10 mg. of 
sodium phosphate to one, and adjust the pH of both to about 2-5 by 
addition of a little very dilute hydrochloric acid (^ N/50). Note the 
total volumes of each solution. Evaporate 0-2-inl. samides of each on 
trays ready for counting. Then add 1 ml. of a solution containing 
3 mg./ml. sodium sulphate, shake well, and centrifuge off the pre¬ 
cipitated iron. Under these conditions the carrier phosphate is not 
precipitated. Evaporate 0-2 ml. samples of each of the supernatant 
solutions on mounting trays. Determine the activity of each, and 
compare it with the activity of the original solutions. Show that a 
much smaller proportion of the radio-phosphate is adsorbed from the 

solution containing carrier phosphate. 

Further work. Repeat the precipitation of iron from phosphate 

solutions under the following conditions. 

(a) Keeping the pH and the ferric ion concentration constant, vary 

the concentration of carrier phosphate from 10 ® to 10 mg./ml. and plot 
the logarithm of the amount of phosphate adsorbed (in arbitrary units) 
against the logarithm of the amount in solution. Show that the adsorp¬ 
tion isotherm becomes linear as the phosphate concentration is decreased. 

t A. W. Kenny and W. T. Spragg, J.C.S. 1949, S. 326. 
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(6) Using carrier-free phosphate and keeping the ferric ion concentra¬ 
tion constant, vary the pH between 1-0 and 4-0, and show that the 
amount of phosphate adsorbed increases as the pH rises. 

(c) Keeping all other conditions constant, vary the concentration of 
sodium sulphate used to precipitate the iron from 3-300 mg./ral. At 
Iiigher concentrations the phosphate is to some extent displaced from 
the precipitate by the sulphate. 

Other suitable materials. This experiment may be performed with a 
wide variety of carrier-free activities and almost any gelatinous or finely 
divided precipitate as adsorbent. Precipitates of chromium and 
aluminium hydroxides have been commonly used, and also manganese 
dioxide (precipitated from manganous sulphate using permanganate in 
neutral solution). 

A simple alternative to the above experiment is the precipitation of 
ferric hydroxide in the presence of a uranium salt, when the UX in 
radioactive equilibrium with the uranium is carried down. The details 
are as follows: Add 2 ml. of ferric nitrate solution (0-5 g./lOO ml.) to 
2 ml. uranyl nitrate (0-5 g./lOO ml.) followed by 30 ml. sodium bicar¬ 
bonate solution (5 g./lOO ml.). The latter precipitates ferric hydroxide 
but not thorium hydroxide. Centrifuge the ferric hydroxide, wash, and 
mount ready for counting. Compare the activity with that obtained 
when the procedure is repeated in the presence of 10 mg. thorium nitrate 
to act as a hold-back carrier. By varying the amount of thorium nitrate 
used as carrier the adsorption isotherm may also be determined 
and shown to become linear as the quantity of thorium nitrate is 
decreased. 


Experiment 15. To separate a Radiochemically pure 

Species by a Precipitation Reaction 

When radioactive material is separated by a precipitation reaction, 
considerable contamination of the precipitate by adsorption of carrier- 
free activities frequently occurs. This may usually be reduced by 
addition of a few milhgraras of an inactive element of the contaminating 
species to act as a hold-back carrier. Even then, some contamination 
is usually detectable, and to obtain a radiochemically pure activity it is 
often necessary to dissolve the precipitate, add fresh hold-back carrier, 
and repeat the precipitation. In this experiment a number of separa¬ 
tions which require a recycling procedure are described. 
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Experiment 15 a. To separate radio-lanthanum from radio- 
barium 

Method. To 10 ml. of a solution containing about 10® counts/min. of 
carrier-free radio-barium in equilibrium with its daughter lan¬ 

thanum activity, add 20 mg. each of lanthanum and barium nitrates as 
carriers, and precipitate lanthanum fluoride by addition of excess 
(-— 2 ml.) of 40 per cent, hydrofluoric acid. Centrifuge off the pre¬ 
cipitate, wash, and dissolve with stirring by addition of 0-5 ml. of 
saturated boric acid solution and 2 ml. of concentrated hydrochloric 
acid. This dissolves the lanthanum fluoride by the reaction 

4LaF3+3H3B034-flH+-> 4La3+-f 3 BF 4 -f OH^O. 

To estimate the barium activity in solution add 20 mg. barium carrier 
and precipitate BaClg.HaO with 25 ml. of an ice-cold mixture of four 
parts of concentrated hydrochloric acid and one part of diethyl ether. 
This precipitates more than 95 per cent, of the barium with less than 
1 per cent, of the lanthanum activity. Centrifuge the precipitate and 
decant off the supernatant liquor. Dissolve the barium chloride in a 
minimum of water and reprecipitate it as before. The barium chloride 
is then mounted and the activity determined in the usual way. Also 
determine the total barium activity in a suitable aliquot of the original 
solution after precipitation of barium chloride by the hydrochloiic 
acid-ether method and show that a few per cent, of the barium is 
carried down on the lanthanum fluoride. (A more accurate result is 
obtained if a correction is applied for the loss of barium carriei in the 
analytical procedure. The final barium chloride precipitate is dissolved 
in water after measuring the activity and the barium determined as 
sulphate in the usual way. By comparison with the known weight of 
carrier added, a correction may thus be made for chemical yield.) 

Now take another sample of the original radio-barium solution (at 
least twice as much as before) and repeat the procedure to the dissolution 
of the lanthanum fluoride. Dilute the solution to 5 ml. with water, add 
fresh barium hold-back carrier, and again precipitate lanthanum 
fluoride by addition of excess of hydrofluoric acid (a few ml.). Centri¬ 
fuge. wash, and mount. Show that the barium activity of the precipitate 
is considerably reduced by two cycles of precipitation. In other aliquots 
of the original radio-barium solution show that barium cannot be 
detected in the lanthanum fluoride precipitate after 3 or 4 cycles. 

Also perform a lanthanum fluoride precipitation in the original 
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solution without addition of barium hold-back carrier, and show that a 
large fraction of the barium activity is co-precipitated in this case. 

Experiment 15 b. To separate lanthanum from contaminating 

zirconium activity 

In the separation of rare-earth activities from fission products con¬ 
siderable contamination of lanthanum fluoride precipitates occurs by 
adsorption of carrier-free activities such as zirconium and niobium. To 
illustrate this the separation of zirconium activity from inactive lan¬ 
thanum fluoride precipitates is described. 

Method. To 10 ml. of a solution which is about 1-6 M in nitric acid 
and contains 20 mg. lanthanum nitrate add about 10® disintegra- 
tions/min. of carrier-free zirconium activity (®®Zr). Then add excess 
hydrofluoric acid to precipitate lanthanum fluoride and determine the 
activity of the precipitate. (In this case any activity on the solid is 
entirely due to contamination.) The zirconium will be strongly ad¬ 
sorbed. Repeat the experiment in the presence of amounts of zirconium 
nitrate varying from 0-4 mg./ml. and show that, in the presence of 
sufficient carrier, contamination is reduced to a few per cent. 

To remove the activity from the lanthanum, redissolve the pre¬ 
cipitate in a mixture of nitric and boric acids, as described in Experi¬ 
ment 15 a, and repeat the precipitation two or three times, adding fresh 
hold-back zirconium carrier at each cycle. 

Experiment 15 c. To separate barium from contaminating 

strontium activity 

Method. To about 10 ml. of a solution containing 20 mg. each of 
barium and strontium carriers, add about 10® disintegrations/min. of 
carrier-free radio-strontium (s^Sr and ®oSr in equilibrium with »»¥). 
Dilute to 25 ml. and adjust the pH to 4—5 by addition of acetic acid and 
ammonium acetate. Slowly add strong potassium chromate solution 
drop by drop to the boiling solution until no further precipitate is 
obtained. Centrifuge off the barium chromate and wash with ammonium 
acetate solution adjusted to pH 4—5. Dissolve the barium chromate in 
1—2 ml. dilute hydrochloric acid and add 10 mg. yttrium (or lanthanum) 
nitrate. Precipitate the rare earth hydroxide with carbonate-free 
ammonia and centrifuge. This removes any yttrium daughter activity. 
Precipitate the alkaline earth metal from the filtrate as carbonate, 
mount, and measure the activity. 

Now redissolve the precipitate in the minimum amount of acid, and 
determine the number of cycles necessary to obtain barium free of 
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strontium (3—4 cycles). In the presence of radio-strontium, therefore, 
this number of cycles would be necessary to obtain radiochemically 
pure Repeat the experiment omitting the strontium carrier and 

show that contamination is more serious in this case. 


Experiment 16. To separate Radioactive Material by 

Distillation 


Experiment 16 a. To distil ruthenium from fission products 


The experimental details refer to the separation of ruthenium from 
small quantities of mixed fission products which are at least a few 
months old. If these are not obtainable, a synthetic mixture may be 
made up by mixing separated ruthenium (from fission products) with 
any convenient radiotracer available, except iodine, bromine, and 
chlorine. 

Method. The separation is accomplished by distillation of the 
ruthenium as tetroxide (RUO 4 ). To about 10 ml. solution containing 
the carrier-free activities, add 10 mg. ruthenium carrier and 10 ml. 
perchloric acidt (or 10 ml. 3N sodium bromate) and transfer to a small 
distillation apparatus with a water condenser, preferably made in one 
piece. (Ground-glass joints and corks tend to accumulate ruthenium 
activity, deposited as RuGg.) The condenser outlet should dip just 
below the surface of about 10 ml. of 2N hydrochloric acid containing a 


little hydrogen peroxide (or sulphur dioxide) in a small receiver. To 
avoid ‘suckback’, a slow stream of air may be passed into the distilling 
flask through a capillary dipping below the surface. Distil over the 
volatile tetroxide until only about 5 ml. solution remain in the flask and 
the residue turns colourless. Dilute the distillate tenfold and pass 
hydrogen sulphide through the hot solution until no further precipita¬ 
tion of the brown ruthenium sulphide is obtained. This precipitation is 
usually slow, but may be speeded up by warming the solution in a 
pressure-bottle. Centrifuge or filter off the precipitate and mount ready 
for counting in the usual way. 

The main components of the distillate will be = O-lSMeV) 

and its daughter (an X- and y-ray emitter, detected very ineffi¬ 
ciently), (undetected) and its i<* 6 Rh daughter = 3*55 MeV). 

The latter grows to equilibrium wuth a half-life of 30 sec. Distinguish the 
3-55 MeV and the 0-15 MeV components by determining an absorption 

t Hot concentrated perchloric acid reacts explosively with organic matter which 
should be excluded. For this reason sodium bromate may be preferred, although this 
cannot be used for distillations from hydrochloric acid solutions. 
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curve and estimate the proportion of the and 108 RU activities 

present. (Only those energies which are readily distinguished by an 

absorption curve have been quoted above.) Compare the results with 

the absorption curve obtained from a sample of the original mixture. 

The only likely contaminant in this distillation is iodine, which wiU 

normally have decayed in the fission products before the experiment is 
performed. 

To estimate the purity of the ruthenium, repeat the procedure a 
second time with the ruthenium sulphide precipitate (dissolved in a 
minimum amount of acid). Compare the activities and absorption 
curves of the precipitates of sulphide obtained by passing hydrogen 
sulphide into aliquots of the solution of sulphide in acid, the second 
distillate, and the liquors remaining after the distillations. Show that 
contaminating activities are eflfeetively removed by this procedure. 

Also compare the efficiency of the distillation thus obtained with the 

efficiency obtained when the distillation is performed in the absence of 
ruthenium carrier. 


Experiment 16 b. To distil iodine from tellurium 

When metallic tellurium is irradiated with slow neutrons, the follow¬ 
ing nuclear reactions are initiated :f 


i30Te — i3ixe* 


i3iTe 




q = 30 hrs. > 

^ q = 25 min. i 

(n, y) 

q = 7*80 days 


i 28 Xe - izflXe* 


(n» y) 


-1^ i29Xe 

q = 32 days ^ 




q = 72 min. 


(stable) 

(long-lived) 


i26Te - i27Te* ^ , i27Te 

q = 90 days a 

— _ y) _ 



-> (stable) 

9‘3 hrs. 


The radio-iodine formed in the first chain may be obtained carrier- 
free and radiochemicaUy pure on separating it by distillation from the 
mixture of radioactive tellurium isotopes. 

Method. Irradiate about ^ g. of tellurium metal in a pile for 1 week. 
In a flux of about lO^i neutrons/cm.7sec., the irradiated tellurium will 

I Spragg, J.C.S. 1949, S. 323. G. T. Seaborg, J. J. Livingood, 

and J. W. Kennedy, Phys. Bev. 1940, 57, 363. 
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have an activity of the order of a millicurie. Although yields of radio¬ 
iodine will be greatest if the separation is performed soon after the 
irradiation, substantial quantities of may still be isolated after 
several weeks, when the activity will be considerably lower. Place the 
tellurium in a 20-ml, flask with a water reflux condenser and add 10 ml. 
of 50 per cent, sulphuric acid and 2 g. solid potassium dichromate. If 
the tellurium was initially made by precipitation from tellurite by 
reduction with sulphite, it is probably finely divided, and the oxidation 
may then be rather rapid unless the reaction vessel is water-cooled. If 
a pulverized tellurium cast is used, however, there is usually no likeli¬ 
hood of the reaction getting out of hand. After the initial reaction, heat 
the flask cautiously until the remaining tellurium dissolves, and reflux 
for 2 hrs. to complete the oxidation of tellurite to tellurate, and iodide 
to iodate. Allow to cool and reduce the iodate to iodine by addition of 
1-2 g. oxalic acid. Warm cautiously for a few minutes to complete the 
reaction. Distil through a water condenser into 1 ml. N/10 caustic soda 
containing a trace of sodium sulphite until no more iodine is carried 
over. This may be ascertained by measuring the activity of the iodine 
as it is distilled, by use of a Geiger-MuUer counter fixed at the receiver 
end of the condenser and well screened from both the receiver and the 
distilling flask. Alternatively the receiver may be refilled with fresh 
caustic soda, and the activity of successive replacements measured. 

This procedure gives a specimen of carrier-free in caustic soda 
which may be neutralized with dilute nitric acid. The activity may be 
determined using a liquid immersion counter. Alternatively 10 mg. 
potassium iodide carrier may be added to an aliquot of suitable activity, 
and silver iodide precipitated, centrifuged off. and mounted in the usual 
way. Estimate the yield of ^=*^1 (in millicuries/g. of irradiated tellurium) 
from the activity measured on a previously calibrated counter assembly. 
If desired, about 10 mg. of the original tellurium may also be mounted 
on a tray and an absorption curve determined. If the time after irradia¬ 
tion is not too long, the 7-80-day iodine activity wdll be clearly resolvable 
from the 32-day activity and the 90-day teUurium activity wiU be 
negligible, so that the amount of ^^^I originally present may be deter¬ 
mined. With longer irradiations the activity may be distinguished 
from the 32-day and 90-day tellurium activities by observing the decay 
over 2-3 months. The overall chemical yield may thus be estimated by 
comparison with the activity of the distiUate determined under 
similar conditions. Over 90 per cent, chemical yield can be obtained 

with careful work. 
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Experiment 17. To determine the Efficiency of 
Precipitation and Chloroform Extraction of 
Molybdenum 8-hydroxyquinolate 

This experiment illustrates the simplicity with which radiotracer 
methods may be used to estimate the reliability of analytical procedures. 
The experiment consists of two parts. First, the completeness of pre¬ 
cipitation of molybdenum by 8-hydroxyquinoline (oxine) is determined, 
using a molybdenum tracer (^^Mo, obtainable from pile irradiation), and 
it is shown that chloroform extraction of the complex is practically 
complete. The second part shows that other materials present in the 
original solution are not carried through in appreciable quantities, and 
that contamination is reduced by the chloroform extraction. 

Method. Part i. Take 10 ml. of a solution containing about 5-10 mg. 
molybdenum (as molybdate) to which tracer in the same valency state 
has been added. Mix with 10 ml. saturated sodium acetate and pre¬ 
cipitate the molybdenum at 60-80° C. by addition of a 3 per cent, 
solution of oxine in acetic acid. Keep the solution warm for several 
minutes before filtering off the precipitate. Compare the activities of 
the filtrate and the original solution by assa 3 dng equal volumes of 
liquid. Alternatively add a further 5-10 mg. molybdenum to the 
filtrate and compare the activity of this precipitate with that originally 
obtained. Hence show that less than 1 per cent, of the molybdenum 
activity remains in solution. 

Repeat the molybdenum precipitation as above but do not filter. 
Extract the molybdenum oxinate by shaking the aqueous layer with 
an equal volume of chloroform. Separate the layers and shake the 
aqueous layer with fresh chloroform. Then back-extract the molyb¬ 
denum by shaking the combined chloroform solutions twice with 
separate portions of 8N hydrochloric acid. Compare the activities of 
equal aliquots of the aqueous filtrate and the 8N hydrochloric acid, 
using a liquid immersion counter (see p. 151). A small correction should 
be applied to the observed activity of the 8N hydrochloric acid solution 
to allow for the difference in density from water. This may be deter¬ 
mined by comparing the activity of equal aliquots of the original 
solution and a solution containing the same concentration of molyb¬ 
denum made up with 8N hydrochloric acid. Hence determine the 
amount of molybdenum not recovered (0-5 per cent.). 

Part ii. Repeat the whole experiment using inactive molybdenum in 
the presence of a few milligrams of strontium nitrate containing an 
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active strontium isotope (e.g. ®®Sr obtained by cyclotron or pile irradia¬ 
tion). Under the conditions of the experiment, about 10 per cent, of 
the strontium may be carried down by the molybdenum 8-hydroxy- 
quinolate precipitate, but in the subsequent chloroform extraction 
practically none of this contamination is carried through with the 
molybdenum. 

This experiment may be performed with practically any other con¬ 
taminant, although the separation may be much poorer, particularly 
with elements which form complexes with 8-hydroxyquinoUne. Stron¬ 
tium itself is precipitated at pH > 7, but is held in solution in this 
experiment since the pH is low. 


Experiment 18. To analyse a Mixture by the 

Isotopic Dilution Method 

The isotopic dilution method wiU probably be of limited use in general 
analytical chemistry as convenient methods of analysis are available in 
most cases. Sometimes this is not so, however, and a typical example 
is the analysis of niobium in tantalum (and vice versa) by a modification 
of the Schoeller-Powell tannin method.t Although not a case in which 
the method would be used in practice, the analysis of phosphate in 
chloride is also described as a very simple example. 

Experiment 18 a. To estimate the percentage of tantalum and 

niobium in admixture 

The procedure described is applicable to mixtures of about equal 
quantities of tantalum and niobium. For mixtures containing less than 
about 10 per cent, of one component the procedure is similar, but a 
second extraction to obtain the pure component will probably be 

necessary, t 

Method. To about 0-3 g. of the tantalum and niobium mixture, add 
a few ml. of a solution of radioactive tantalum (^^^Ta) of convenient 
activity and evaporate to dryness in a platinum crucible on a water- 
bath with 2 ml. 40 per cent, hydrofluoric acid. This ensures that carrier 
and tracer are in the same chemical state. Then fuse the solid with. 
2-3 g. potassium hydrogen sulphate for 30 min., cool, and leach with 
100 ml. saturated ammonium oxalate to complex the earth acids. If a 
turbidity of hydrated oxides should be obtained, filter off, and repeat 
the procedure on the residue. DUute the combined solutions to 250- 

t W. R. SchoeUer and A. R. Powell. Anabjst. 1925. 50. 485 SchoeUor ibid- 1936. 61, 
806; Tlte AnalytiMl Chemistry of Tantalum and Aio6j«m, Chapman & Hall. 195i. 
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300 ml. and add 20 ml. 2 per cent, tannin solution to the boiling solution 

and 40 ml. saturated ammonium chloride. Boil for 10 min., add a little 

dilute ammonia if no precipitate is obtained, and filter off the tantalum 

tannin complex (yellow). Dry the precipitate, ignite in a crucible 

transfer to a counting tray, weigh, and compare the activity with that 

of the original tantalum tracer solution. A correction will be necessary 

for absorption of ^-particles in the oxide sample, but if the correction 

IS large, the y-radiation only may be used to compare the activities (by 

mterposing an aluminium absorber (250 mg./cm.^) between the sourci 
and counter). 

In this experiment the essential condition is the separation of a known 
weight of pure tantalum oxide, the activity of which may be deter¬ 
mined ; the amount separated is not critical. Check that a pure specimen 
is obtained by repeating the procedure in the presence of niobium tracer 

only (without tantalum tracer), when the tantalum precipitate should 
be inactive. 

Further work. A similar procedure may also be used to estimate 
directly the percentage niobium in a mixture by adding niobium tracer 
and separating a pure fraction of the niobium-tannin precipitate. 
Repeat the procedure and continue precipitation by successive additions 
of ammonia to the mother liquor, filtering off each fraction separately 
until no further precipitate is obtained. The last precipitate should be 
the brick-red niobium tannin complex (uncontaminated by tantalum), 
from the activity of which the quantity of niobium may be estimated. 
Check this procedure by showing that no tantalum tracer is carried 
through to the last stages. Compare the result with that obtained by 
difference from the tantalum estimation. 

Tantalum and niobium isotopes 

^®^Ta, produced from tantalum oxide by (w, y) reaction in a pilej 

t^ ~ 123 days, ^-radiation -Emax — 0*525 MeV, the y-energy spec¬ 
trum is complex. 

®5Nb, obtained from fission products, t^ = 36 days, )3-radiation 
■^max = 0-146 MeV, y-energy = 0-758 MeV. 


Experiment 18 b. To estimate the percentage of phosphate in 
a mixture of phosphate and chloride 

M^ethod. The solution to be analysed should contain about 0*2 g. 
sodium phosphate and 0-2 g. sodium chloride in 100 ml. water. To this 
solution add enough carrier-free phosphorus activity to give about 
10* counts/min., the total activity having previously been determined 
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from an aliquot which has been evaporated to dryness on a counting- 
tray in the presence of about 10 mg. sodium phosphate. To 10 ml. of 
the phosphate mixture add 4 ml. concentrated nitric acid and 20 ml. 
distilled water, and warm to 80° C. Add 15 ml. 10 per cent, neutral 
ammonium molybdate solution and 5-ml, portions of a solution con¬ 
taining 1 g. ammonium chloidde per litre. After one or two additions, 
a precipitate of ammonium phosphomolybdate will be formed, but 
under these conditions precipitation of phosphorus will not be com¬ 
plete. Filter off the precipitate, wash ^vith 2 per cent, nitric acid and 
then with distUled water, mount about 20 mg. on a previously weighed 
tray, dry at 105° C., weigh and determine the activity. Hence calculate 
the weight of phosphorus present in the original solution, assuming the 
precipitate to be (NH,) 3 P 04 -I 2 M 0 O 3 . The phosphate content of the 
solution may be determined with an accuracy of about 3 per cent, with 

this technique. 

Incomplete precipitation of the ammonium phosphomolybdate is 
also obtained by adding 4 g. ammonium chloride to the solution, 
together with the nitric acid, and performing the precipitation by 
addition of the ammonium molybdate in 0-5 ml. portions. An incom¬ 
plete precipitation will be obtained after one or two additions. Show 

that the same result is obtained by this method. 

If desired, the entire phosphate may be precipitated by the usual 
method, viz. add 4 g. ammonium chloride and 4 ml. concentrated nitric 
acid, heat to 80° C., and add 15 ml. of 10 per cent, ammonium molybdate 
solution. Allow to stand for ^ hr., filter off, and mount. The weight of 
ammonium phosphomolybdate should then be the same as that com¬ 
puted from the two previous results. 


Experiment 19, To estimate the 
‘Analar’ Potassium Nitrate b 


Rubidium Content of 
Y Radio-activation 


The radio-activation method of analysis has been of use in (a) setting 
a new lower limit of sensitivity for the detection of some elements, and 
( 6 ) providing a new method of analysis of some elements which are 
difficult to estimate by conventional methods. In some cases (e.g. if 
other material of relatively high capture cross-section is also present) 
chemical separation may sometimes be necessary after activation, but 
when the activation cross-section of an element is high compared with 
that of other elements present, it is usually possible to estimate it by 
radio-activation without separation. The limits of sensitivity, which 
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depend primarily on the value of the activation 

discussed elsewhere, f 


cross-section, 


are 


‘ Analar’ potassium nitrate may contain of the order of 10 pnm nf 
rubidium, which is quite detectable by radio-activation.f 

Method. Take 10 g. each of (a) potassium nitrate and ( 6 ) the same 
potassium mtrate to which 10 ppm. of rubidium nitrate has been added 
(T^s may be made up by grinding 10 mg. rubidium nitrate with 10 e' 
potassium mtrate and repeating the procedure using 10 ms of this 
mixture with 1 g. potassium nitrate.) Arrange for the samples to be 
irradiated m adjacent containers in a pile (flux about lO^ neutrons/ 
cm. /sec.) for a period of about 3 weeks.. After removal, aUow the 
samples to decay for about 3 weeks, when other activities wiU be 
relatively low compared with the »«Rb activity = 19.5 days). 

Mount weighed portions of the potassium nitrate and the potassium- 
rubidium nitrate mixture on trays and fix with a little collodion (see 

determining an absorption curve estimate the amount 

of Rb activity present in each sample. Hence determine the amount of 

ri^idium impurity present in the original potassium nitrate. A little 

C formed by the “N (n, p) reaction may be detected in the absorp- 
tion curve. ^ 


Furiher work. This experiment is a simple example of a general 
method. Other suitable examples are given below. Note that it is 
sometimes preferable to compare the activities of the standard and the 
unknown by determining a decay curve. 

(a) Detection of sodium impurity in aluminium.X ‘Analar’ grade 

aluminium may contain as much as 0-1 per cent, sodium, which may 

be detected by activation analysis. A piece of aluminium foil J, mm 

thick will give detectable ^‘Na activity in most cases. The production 

of 2‘Na by the ^’Al (m, a) 2<Na activity can be neglected. After about 

1 hr. from the end of the irradiation in a pile, the 2 *A 1 activity will no 

longer be present, and the ^iNa activity may be estimated by its decay 
(/j = 14-8 hrs.). 


( 6 ) Detection of iridium in rhodium. % By radio-activation it is pos¬ 
sible to detect about one part of iridium in 10 ® of rhodium. Irradiate 
about 0-1 g. rhodium nitrate in a pile for a period of about 2 months, 
aUow the 4-4-min. rhodium to decay during about 2 hrs., and determine 
the decay curve (up to 2 weeks) and also the absorption curve of the 


Goldberg, Science. 

1949, 109, 347. A. A. Smales, Ann, Rep. 1949, 285. 

X Private communication from A. A. Smales, to whom our thanks are due. 
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product. The mixture of *®^Ir (/j = 19 hrs. = 218 MeV) and 

(fj = 72 days, ^?max = MeV) may be resolved by either of 
these means, and the iridium content of the rhodium estimated by 
comparison with a synthetic source made by mixing 1 part iridium 
nitrate per 1,000 parts rhodium nitrate. An advantage of the method 
of analysis in this case is that the identity of the iridium may be con¬ 
firmed by the two independent methods of estimation (half-life and 

absorption). 

(c) Estimation of dysprosium and lanthanum in admixture% To 
estimate the proportion of dysprosium and lanthanum in an unknown 
mixture (about equal quantities) irradiate about 10 mg. each of ‘Spec- 
pure’ dysprosium oxide and lanthanum nitrate and about 10 mg. of 
the unknown mixture for 2^ hrs. in an irradiation vessel containing a 
radium-beryllium source, so that all three specimens are, as far as 
possible, in the same neutron flux. Carefully transfer the specimens to 
previously weighed sample trays, tamp do^vn to a uniform layer, weigh, 
and determine the activity of the specimens at as nearly the same time 
as possible. The proportion by weight of dysprosium in the mixture is 
then (a,„-aLJ/(aDy-%.a). where a^a, and ar>y are respectively the 
activities per 10 mg. of the mixture, lanthanum, and dysprosium. 


Experiment 20. To determine the Arsenic Content op 

‘Analar’ Zinc by Radio-activation 
Even zinc metal of ‘ Analar’ AsT quality may contain of the order of 

0-1 ppm. of arsenic, which is quite readily detectable by radio-activation. 
In this example§ a chemical separation of the arsenic is necessary so as 
to remove unwanted activities (e.g. ^^Zn and 6«Zn) formed at the same 
time as the ’®As activity (<*'= 26-64 hrs.) which is estimated. 

Method. Accurately weigh out about 2 g. of ‘Analar AsT zinc in a 
small container about 1 in. square and \ in. high. To reduce contamina¬ 
tion as far as possible this should be made of plastic. Also weigh out in 
a plastic container 0-2 g. alumina containing about 100 ppm. of arsenic. 
The latter may be made up by grinding about 1 g. alumina with 10 mg. 
arsenic oxide and then grinding 10 mg. of the resulting mixture with a 
second 1 g. sample of alumina. Irradiate the two specimens together in 
a pile for about 24 hrs., then carefully transfer the zinc to a round- 


t A. A. Smales, private communication. j tr t • 

t For estimation of dysproaium in yttrium see also G. Hevesy ' 

Danske Videnskab. SeUkab Math.-fys. 1036, I'b ) pi* = 24 717 

§ B. D. Pate and A. A. Smales, Aruilyet, 1952. 77, 188. 196 ; Anal. Chem. 19d2. 24, , 1 .. 
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bottomed distilling flask with a water condenser, and add 5 ml. of a 
solution containing a known weight 50 mg.) sodium arsenite (as 
carrier) and 5-10 ml. hydrogen peroxide (100 vols.). Slowly add about 
10 ml. concentrated hydrochloric acid so that the solution only just 
effervesces (due to liberation of gaseous chlorine) and allow the zinc 
metal to dissolve. Through a dropping-funnel now quickly add 10 ml. 
of a mixture of equal volumes of hydrogen peroxide and concentrated 
hydrochloric acid, wash away any solution from the top of the funnel 
with 2 ml. distiUed water, and distil the liquid until about 5 ml. remain. 
Repeat this distillation twice with further additions of 10 ml. of the 
mixture. About 10 ml. of distilled water should be used in the receiver 
so as just to cover the end of the condenser (fitted with a device for 

preventing suck-back’). The volatile chlorides of germanium, tin and 

possibly antimony pass over into the distillate and are largely removed 
whilst the arsenic remains in the residue. 

To the residue add 10ml. of a mixture of equal volumes of concentrated 
hydrochloric acid and hydrogen bromide (and wash the funnel and tap 
with 2 ml. water). This reduces the arsenic to the volatile trivalent 
state. Distil until about 2 ml. remain, using about 5 ml. distilled water 
cooled in ice to collect the distillate. A Httle bromine, as weU as 
hydrogen bromide, hydrogen chloride, and the arsenic will also pass 
over. Redistil with two further additions of 10 ml. of the hydrogen 
bromide-hydrochloric acid mixture to the flask. 

Collect the distillate, add 10 mg. germanium chloride as a hold-back 

carrier (for any radio-germanium which may have passed through to 

this stage), and 1 g. solid ammonium hypophosphite. Heat to 80-90° C., 

when elementary arsenic will be precipitated. Centrifuge off, mount hi 

the usual way, ready for radiochemical assay. Weigh the sample and 

correct the activity obtained for chemical yield. Determine both an 

absorption curve and a decay curve and compare them with those 

obtained from the 0*2 g. sample of alumina containing arsenic, which 

should be treated in the same way. Hence determine the arsenic con¬ 
tent of the zinc. 

Other examples of a radio-activation in which a chemical separation 
is involved are briefly indicated below. 

(a) Gallium in iron meteorites. {t^ = 14-08 hrs.) obtained by 

activation in a pile. The gallium is separated by precipitation as 

8-hydroxyquinolate, and estimated by determination of decay and 
absorption curves.I 

t H. Brown and E. Goldberg, Science, 1949, 109, 347. 
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(6) Palladium in iron meteorites. A mixture of and 

(ij = 13 hrs. and 26 min. respectively) is obtained by activation in a 
pile. The palladium is separated from acid solution with dimethyl 
glyoxime. After recycling, it is assayed by determination of decay and 
absorption curves.! 


Experiment 21. To determine the Solubility of a 

Slightly Soluble Salt 

An estimate of the solubiUty of a salt may be obtained by measuring 
the activity of a saturated solution in equilibrium with a radioactive 

solid. 

Experiment 21a. To determine the solubility of lead iodide in 
water 

A solution containing a total of about 10^ counts/min. carrier-free 
radio-iodine is suitable if this experiment is performed using a Geiger- 


Miiller counter. 

Method. Add the active iodine to an aqueous solution contaimng a 
known weight (0-1 g.) of pure potassium iodide so that the total volume 
is about 10 ml. Take a 1-ml. sample, dilute 100-fold, and evaporate 
1 ml. on a tray in alkaline solution ready for counting. (Ensure that the 
iodine is present as iodide by addition of 1 drop of sulphur dioxide 
solution before making alkaUne.) Precipitate lead iodide from the 
original concentrated solution by addition of a slight excess of lead 
acetate. Centrifuge off the precipitate and wash carefully with at least 

three 100-ml. portions of distilled water. 

To 25 ml. of distilled water, add 0-2 g. of the lead iodide and stir 
vigorously in a thermostat at 25° C. until the solution becomes saturated 
(about 3 hrs.). Then carefuUy centrifuge off the lead iodide. (Filtration 
may cause losses by adsorption of materials of low solubiUty on filter- 
paper.!) Remove 1 ml. of liquid and evaporate to dryness on a mount¬ 
ing-tray. From the activity of the sample obtained by evaporation of 
the diluted original solution, the weight of iodine corresponding to a 
given counting rate may be calculated. Hence estimate the solubility 

of lead iodide in water at 25° C. (0-778 g-/! )- . 

This experiment may be performed with (^ -= 24-99 mm.), 

obtained from a SzUard-Chalmers reaction using a radium-beryllium 
source (see Experiment 10 a), but the duration of the experiment should 

then be reduced to about 1 hr. 


t H. Brown and E. Goldberg, loc. cit. 

X B. Nikitin and O. Erbacher, Z. Physiknl. Chem. 


1932, A 158, 231. 
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Experiment 21b. To determine the solubility of strontium sul 

phate in water 

This experiment is performed in the same way as Experiment 21 a 
with the following modifications of detail. The tracer may be either 

(as SOI ion), or 8«Sr, obtained by an {n, y) reaetion on irradiation 
of a strontium salt in a pile. 

Metlwd. Make up 10 ml. of a solution containing a total of 1 e 
strontium nitrate and about 10® counts/min. (if a Geiger eounter is 
used). Take a I-ml. sample, dilute 100-fold, and evaporate I ml. of the 
dilute solution on a sample tray ready for counting. Precipitate stron¬ 
tium sulphate from the original concentrated solution by addition of 
excess 8M sulphuric acid. Centrifuge oflF the precipitate and wash care- 
iuUy with at least three 100-ml. portions of distilled water. 

Shake about 0-2 g. of the solid strontium sulphate with 25 ml. distilled 

water as in the case of lead iodide. After equilibration, centrifuge 

remove 1 ml. of the liquid, evaporate to dryness, and compare the 

activity with that of the sample obtained from the diluted original 
solution. ® 

Further work, (a) Determine the solubility of lead iodide and stron¬ 
tium sulphate at several difierent temperatures between 20° C and 
60° C. Also investigate the eflTect of adding potassium iodide to the 
lead iodide solution. At first the solubility decreases due to the common 
mn effect, and then when the solution is about 15 g./l. in potassium 
iodide, begins to rise as complexes are formed in solution.f 

(6) The solubibty of the following salts may be determined by a 
similar technique, using the tracers indicated. 


SaU 

Solubility (g./l.) at the 
temperature indicated 

Tracer 

Silver chromate 

0 036 (30° C.) 

uiAg 

W3Hg 

RaD or ThB 

Mercuric iodide 

0 059 (25° C.) 

Lead sulphate 

0 041 (20° C.) 


Experiment 22 . To separate Cerium and 
Praseodymium by use op an Ion-exchange Column 

When cerium is irradiated in a pile, the following are the principal 
activities obtained: o r * 

* • • ■ = 33-11 days 

. . . . = 33 hrs. 

• • • . = 13-6 days 

1940^p^. of Inorganic and Metal Organic Compounds, Van Nostrand, 
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The i«Pr is obtained by ^-decay from the ^*^Ce which is formed by 
an (n, y) reaction. It is present in ultra-micro quantities only (provided 
the cerium is praseodymium-free) and may be separated from the 
cerium by an ion-exchange technique, t The cerium should be of 
spectrochemically pure quality and should be irradiated in the pile for 
a period of at least 2 days. Longer periods up to 6 months are permis¬ 
sible if higher activities are desired. Before use, the shorter-lived 
activities (e.g. ^^’Ce) should be allowed to decay by standing for about 

a week. 

Method. Dissolve about 20 mg. of the irradiated cerium salt (prefer¬ 
ably as nitrate or chloride) in 20 ml. water, and if the activity is 

not desired carrier-free add 20 mg. praseodymium nitrate or chloride as 
carrier. Then add the solution to the top of an ion-exchange elution 
column, prepared as described in Experiment 13. A column containing 
about 20-50 g. exchanger will be required, of dimensions about 1-1^ cm. 
diameter by about 50-100 cm. long. Before use, the exchanger should 
be converted to the ammonium form (by allowing 500 ml. 2 N ammonium 
nitrate to How through it) and then washed with water. So that the 
column does not run dry during the experiment, an air-tight seal should 

be used at the top. 

After addition of the cerium-praseodymium mixture, the precon¬ 
ditioned column should be washed first with 100 ml. distilled water and 
then with a solution containing 50 g. citric acid (monohydrate) and 1 g. 
of phenol (to prevent bacterial growth) per litre, adjusted to a pH of 3-0- 
3-2 by addition of ammonia. The rate of elution is critically dependent 
on the pH of this solution. If the natural flow rate is more than 20- 
30 ml./hr. it should be controlled by a suitable stopcock. Collect aliquots 
of 500-ml. volume. Activity will appear in the eluate after about 5 litres 
have passed through the column. Two distinct peaks will be found, the 
first being due to praseodymium. The ^-energies of the cerium and 
praseodymium are sufficiently different for the proportion of each in 
the samples to be estimated by determining absorption curves. Only 
a small region between the two peaks will be obtained in which the 
separation is incomplete. After the praseodymium activity has been 
removed from the column the rate of elution of the cerium activity may 
be increased by raising the, pH of the citric acid solution to about 0 by 

addition of ammonia. 

The prolonged period necessary for this experiment makes it a 
favourable case for the use of an automatic recorder. By making the 

■f D. H. Harris and E. R. Tompkins, J.A.C.S. 1947, 69, 2/92. 
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eluate flow through a liquid counter (Fig. 3.30), which is used in con¬ 
junction with a counting ratemeter and a recording milliammeter, a 
continuous record of the activity is obtained. Identification of the 
500-nil. fractions in which activity is eluted is then simple. 

Further work. This experiment is an example of a general technique 
used for separating pure rare-earth activities from mixtures. The 
experiment requires several days to perform, however, and a synthetic 
mixture of activities which can be separated more quickly may be 
preferred as an illustration of the technique. A suitable mixture may 
be made from 45 mg. lanthanum nitrate and 5 mg. praseodymium, 
both of which have been irradiated in a pile for 1 week to give ^*°La 
=zz 41-4 hrs.) and the _ jg .2 hrs.) which are convenient 

tracers. 

In this case elution from a column containing 1-2 g. exchanger using 
5 per cent, citric acid adjusted to a pH of 3*25 results in two peaks of 
activity in an eluate volume of less than 500 ml. and a time of 5-10 hrs. 
(flow rate 10-50 ml./hr.). With such a small column the region of 
incomplete separation may, however, be extensive. 

Quantities of about 20 mg. of the following mixtures may also be 
separated by this technique using a column of 1-lJ cm. diameter, con¬ 
taining about 15 g. exchanger. 


Mixture 

Tracera 

Eluent 

Order of elution 

1. Sodium and 
potassium 
as nitrates 

«Na and «K 

N/10 nitric acid 

Sodium leaves the column 
first. 

2. Barium and 

*‘"Ba in equilibrium 

Citric acid-ammo* 

The lanthanum and yttri¬ 

strontium 

with ^^®La, and a 

nium citrate buf¬ 

um daughter activities are 

as nitrates! 

mixture of **Sr and 
•°Sr in equilibrium 
with ‘OY 

fer at a pH of 
7-5-8 

also separated, and are 
eluted from the column 
first, followed by stron¬ 
tium and then barium. 

1 


Experiment 23. To determine the Rate of Exchange 
OF Iodine between Iodide, Elementary Iodine, and 

Ethyl Iodide 

This experiment is an example of the determination of the rate of an 
exchange reaction between an inactive species and its radioactive 
analogue. The rate is determined by measuring the change in activity 
of one of the components. 

t See E. R. Tompkins, J.A.C.S. 1948, 70, 3620. 
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Method. The experiment may be performed using Dissolve 10 g. 
solid sodium iodide in a solution of carrier-free radio-iodine containing 
about 105 counts/min. when assayed as liquid in the counting arrange¬ 
ment to be used subsequently (preferably a liquid immersion counter 
with a axed sleeve of 10 ml. volume (see Fig. 3.28)). Prepare radioactive 
solid sodium iodide (unhydrated) by evaporating the solution to dryness. 
Dissolve 7 g. of the radioactive sodium iodide in 100 ml. anhydrous 
ethyl alcohol, and add 30 g. redistilled ethyl iodide, both Hquids having 
been hrst immersed in a thermostat at 40^* C. until temperature equi¬ 
librium has been reached. Keeping the mixture at this temperature, 
withdraw aliquots of 10 ml. at intervals from 5 min. to 2 hrs. after 
mixing. Pour each of the aliquots into 100 ml. water to stop the 
exchange and separate off the ethyl iodide layer. Dilute the separated 
layer to 10 ml. with alcohol and measure the activity in a liquid counter. 
Alternatively, silver iodide may be precipitated by addition of a little 
aqueous sUver nitrate, but in this case a total activity of 10® counts/min. 
will be required initially and all other quantities should be reduced 
tenfold. Wash about 10 mg. of the precipitate, mount it on a tray, 

weigh, and count. 

Also heat a sample of the mixture to 100° C. under reflux for ^ hr. to 
complete the exchange reaction. Allow the mixture to cool, withdraw 
an aUquot, and determine the activity as above. 

It can be shownf that the rate of exchange (F) is given by 

— log(l—c/Coo) = F(CKtI + CNal)^/^EtI^NaI> 
where c and c«, are the concentrations of active ethyl iodide (in arbitrary 
units) at a time t and after the exchange reaction has been completed 
respectively, CEti is the total concentration of ethyl iodide and CKai is 
the concentration of sodium iodide. The above equation holds iiTCspec- 
tive of the reaction order, and a plot of log(i— cjcj) against t must be a 
straight line for all similar isotopic exchange reactions. Check that a 
straight line is obtained from the above experimental results. 

If the exchange of iodine between ethyl iodide and sodium iodide is 

bimolecular, according to a reaction of the type 

we may wTite V = A'CEti^Nai 

and hence —log(l—c/cj^) = ^‘(cEti'h^Nai)^- 

Since CEti and are known, the value of k may thus be estimated 
from the slope of the straight line obtained by plotting log{l—c/c^) 

t H. A. C. McKay, J.A.C.S. 1943, 65, 702. 
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against i. Repeat the experiment, independently varying the concentra¬ 
tions of ethyl iodide (from 15 to 60 g./lOO ml.) and sodium iodide (from 
1 to 20 g./lOO ml.) and estimate k in each case. If the reaction is 
bimolecular k should be a constant. A small variation in k is usually 
obtained, due to non-ideality of solution. 

Also estimate the temperature coefficient of k from experiments per¬ 
formed in the range from 20° to 50° C. 

Further work. Similar results will be obtained with most alkyl iodides 

in acetone or alcoholic solution, although in some cases the exchange is 

considerably slower. Practically no exchange between iodine and ethyl 

iodide will be obtained in carbon tetrachloride or ethyl iodide solution. 

In the Utter case the components may be separated by extracting the 

iodine into aqueous sulphur dioxide solution at the end of the experi¬ 
ment. ^ 


Experiment 24. To determine the Dissociation 
Constant op Strontium Tartrate 

The distribution of strontium ions between an ion exchanger and two 
solutions which are the same, except that one contains a known amount 
of tartaric acid is determined. The ionic concentration of strontium in 
the tartaric acid solution and hence the dissociation constant of stron¬ 
tium tartrate may then be calculated. { 

If a radiotracer technique is used with carrier-free material in 
solutions of the same pH. the uptake of strontium by the exchanger is 
proportional to the strontium ion concentration in solution (see p. 17) 
and the tartrate ion concentration is effectively the same as it would be 
m the absence of strontium. Although in principle the solutions may 
be of any strength, the change in volume of an exchanger between 
solutions of widely different ionic strengths is usuaUy so great that it 
cannot be assumed that the distribution constant of the cation is 
independent of the nature and concentration of the (non-complexing) 
anion.§ This effect may be eliminated by using dilute solutions. 

Thexxry. The uptake of carrier-free radio-strontium by an exchanger 
in the ammonium form is determined in two solutions which are respec¬ 
tively {a) 0-2 N in ammonium chloride, and (6) both 0-2 N in ammonium 
ion and O-Oo N in tartaric acid. The pH is adjusted to be between 5 and 
7, so that the tartaric acid may be assumed to be completely dissociated. 

t H. A. C. McKay, J.A.C.S. 1943, 65, 702. 

I Richter, J. Phys. Coll. Chem. 1948, 52, 340, 350. 

Un “nd J. F. Duncan, Proc. Boy. 
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Since the uptake of strontium on the exchanger (Cj^) is proportional 
to the concentration of strontium ions in solution (c^) we have 

n)b ~ {^s)ali^s)b' 

where the suffixes a and b refer to the two solutions indicated above. 
Now and are determined by equilibrating the ion exchanger 

with solution (a), and (c^)^ by using solution (6). Hence (c^)^ may be 
estimated. The dissociation constant of strontium tartrate is 


[Sr^+][Tart“-] 

[SrTart] 


(24.1) 


and, for the solution (6), 


[Sr2+] = 

[Tart^“] = concentration of tartaric acid added to solution (6), 

[SrTart] = concentration of strontium in solution {b) when equi¬ 
librated with the exchanger, less the strontium ion 
concentration 

The units of concentration of strontium ion and strontium tartrate are 
arbitrary and conveniently expressed in counts/min./ml. or other units 
of activity. Similarly (c^)„ and may be expressed in counts/min./g. 
of exchanger. 

Method. Make up about 1 litre of a solution containing 10-6 g./l. 
ammonium chloride, and sufficient carrier-free radio-strontium (®®Sr 
and ®®Sr freshly separated from to give a reasonably measurable 

activity when 10 ml. are placed in a liquid immersion counter with a 
fixed sleeve (see Fig. 3.28). To 65-ml. portions of this solution add a 
few drops of ammonium hydroxide so that several solutions with pH 
between 5 and 8 are obtained. Take 50-ml. aliquots and add to each 
about 0-3 g. of a suitable ion exchanger (in the ammonium form (see 
Experiment 22), and dried for 6-10 hrs. in an oven at 60° C.). The 
weights of exchanger should be as nearly as possible the same. Shake 
or stir well for 1-2 hrs., allow the exclianger to settle, and compare the 
activity of a 10-ml. sample of each of these solutions with that of an 
equal volume of the same solution before addition of exchanger. Hence 
estimate the proportion of strontium which has been adsorbed by the 
exchanger and determine k, the proportionaUty factor in the equation 

Plot k against pH. 

Almost any ion exchanger is suitable for this experiment, but a mono- 

5197 Z 
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functional sulphonated polystyrene (e.g. Dowex 50, Zeokarb 225, and 
Amberlite I.R. 120) containing only sulphonic acid groups as sites for 
the replaceable ions is preferred. In this case the capacity is independent 
of pH. Exchangers based on a phenol formaldehyde structure (Amber¬ 
lite I.R. 100, Zeokarb 315) usually contain carboxyl and phenolic 
groups and the capacity is not independent of pH. The value of k there¬ 
fore rises steeply with pH. 

To determine the dissociation constant of strontium tartrate, make 
up 100 ml. of a solution containing 1-06 g. of ammonium chloride, a 
convenient amount of carrier-free radio-strontium, and 0-4 g. tartaric 
acid. Adjust the pH to any convenient value between 5 and 7. Add a 
known weight 0*3 g.) of the ion exchanger (oven dry) to 50 ml. of 
the solution, and determine the amount of strontium activity taken up 
by the exchanger by comparing the activity of a 10-ml. aliquot with the 
activity of an equal volume of the original solution. Hence calculate 
the ionic concentration of strontium (c^) from equation (24.2) above, 
interpolating the appropriate value of k for the pH used from the plot 
of k against pH obtained from the first part of the experiment. Cal¬ 
culate the dissociation constant of strontium tartrate by inserting the 
appropriate quantities in equation (24.1). 

Further work. By this technique the dissociation constant of many 
other salts of weak organic acids (e.g. citrates,! tartrates, oxalates) may 
be determined. The cation should preferably be carrier-free, but lower 
specific activities may usually be used if the activity is easily measurable 
and the cation concentration is below about lO-s g./l. Some suitable 
cation activities are ®0Y, “^La, ^^Ce (ail carrier-free), «0Co, and 

6 ^Cu (obtained in sufficiently high specific activity by an {n, y) reaction). 


Experiment 25. To determine the Surface Area op a 
Solid by the Isotopic Exchange Method 

If a precipitate of lead sulphate is allowed to reach exchange equi¬ 
librium with a saturated solution of lead sulphate containing thorium B, 

ThB on the surface _ Pb on the surface 
ThB in solution Pb in solution 

The ThB on the surface of the powder may be estimated from the loss 
of activity from solution. Knowing the solubility of lead sulphate, the 
amount of lead on the surface of the powder may thus be evaluated. 

t J. Schubert and J. W. Richter, J. Pkys. Coll. Chem. 1948, 52, 340, 350. 
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To obtain the surface area of the powder a value for the area occupied 
by one lead sulphate molecule must be assumed. 

Method. Take a solution containing 5 g. lead nitrate in 100 ml. water, 
and precipitate lead sulphate by addition of 20 ml. of 2N sulphuric 
acid. After settling, decant oflF the supernatant liquid, and w'ash several 
times with 1 litre of distilled w^ater. Shake about 0*5 g. of lead sulphate 
for about 24 hrs. with 100 ml. distilled water (at 25° C.) containing ThB 
activity (see Experiment 3). Some loss of activity from solution will 
occur due to isotopic exchange with the surface of the solid, and it may 
be necessary to add a small volume of a solution containing ThB 
activity so that an easily measured activity is obtained when a 2-ml. 
aliquot is evaporated to dryness on a tray. When equilibrium has been 
established, decant ofiFthe stock solution of saturated lead sulphate and 
discard the solid. To 25 ml. of this solution add about 1 g. of the 
original inactive lead sulphate precipitate as a slurry in 5 ml. saturated 
solution. (The lead sulphate should not be allowed to dry out as the 
rate of exchange of dried powders is much slower.) Shake thoroughly 
in a thermostat at 25° C. for 10 min. Allow the lead sulphate to settle 
and compare the activity of a 2-ml. aliquot (evaporated to dryness on a 
tray) with that obtained from a 2-ml. aliquot of the original stock 
solution of saturated lead sulphate. Also filter off the lead sulphate 
suspension from the supernatant liquor on a weighed Gooch crucible, 
ignite at 600° C., and weigh. Estimate the amount of ThB which has 
been adsorbed by 1 g. of the precipitate, and taking the solubility of 
lead sulphate at 25° C. as 0 045 g./l., calculate the number of atoms of 
lead on the surface of the powder from the above relation. Assuming the 
area occupied by a single molecule of lead sulphate to be 1-84 x lO-^® cm.^, 
estimate the specific surface area of the powder. 

Although a time of 10 min. has been suggested as sufficient for 
equilibrium to be established, it is knownf that there is a slow uptake 
of ThB for a prolonged period, believed to be due to penetration into 
the lattice of the solid. Nevertheless more than 95 per cent, uptake 
generally occurs within this period with precipitates which have not 
been allowed to dry, and the technique is convenient for making com¬ 
parative measurements of the surface areas of different specimens of a 

given compound. 

Further work. This experiment may also be performedj with stron¬ 
tium sulphate, using radio-strontium («®Sr and ^^Sr freshly separated 

t F. Paneth and V. Vorwerk, Z. rhyaikal. Chem. 1922, 101, 445, 480. 

t R. H. Singleton and J. W. T. Spinka, Can. J. Rea. 1949, 27, 238. 
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from ®0Y). Precipitate strontium sulphate from 5 ml. 3M strontium 
chloride and 2 ml. 8M sulphuric acid, decant off the supernatant liquid, 
and after washing, shake 1 g. of the precipitate with 1 litre distilled 
water. To the saturated strontium sulphate solution thus obtained add 
strontium activity (preferably carrier-free, although not more than 
2 mg. strontium carrier may be tolerated), and shake 26 ml. of this 
solution with about 1 g. freshly precipitated inactive strontium sulphate. 
Determine the decrease in activity of the solution and the weight of 
strontium sulphate as described above for lead sulphate, and hence 
estimate the surface area of the solid, assuming the solubility of strontium 
sulphate at 25® C. to be 0*1180 g./l., and the area of one strontium 
sulphate molecule to be 1*81 x 10-^® cm.^ 

Experiment 26. To show that Polonium may be 

REMOVED from SOLUTION BY CENTRIFUGING 

The presence of a radio-colloid in solution may be distinguished by 
one or more of the following properties: 

(а) it can be centrifuged out of solution; 

(б) it cannot pass through a dialysing membrane through which 
ionic species will permeate; 

(c) the rate of diffusion is low; 

(d) it can be coagulated or peptized by electrolytes; 

(e) it will readily be adsorbed on the walls of vessels or on other 
adsorbents. 

This experiment is an example of case (a). 

Method. Dissolve sufficient radio-lead nitrate in 20 ml. water to give 
a reasonably measurable activity from 2 ml. of solution and acidify with 
dilute nitric acid to a pH of about 3—4. Filter off any dust particles 
through a fine filter-paper and shake the solution for about 2 hrs. with 
about I g. thin silver foil, cut into pieces about 2 mm. square. The 
polonium will be deposited on the silver foil. Filter off the foil, wash with 
distilled water, and dissolve in the minimum amount of nitric acid. 
Make up to 10 ml., adjusting to neutrality by addition of 1—2 drops 
dilute caustic soda. Taking |^-ml. aliquots of this solution, make up 
10 solutions of 5-ml. volume, the pH’s being adjusted by addition of 
nitric acid to be within the range from —1*5 to -|-6. Centrifuge each 
for ^ hr. at the same speed (3,000—6,000 revs./min.) and evaporate 2-ml. 
samples of each to dryness on mounting trays. Also evaporate a ^-ml. 
sample of the original solution. Compare the a-activities of the samples 
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by means of a scintillation counter, proportional counter, electroscope, 
or ion-chamber. If none of these is available, the a-particles may be 
detected by a Geiger counter which has a window of less than about 
2 mg./cm.2 thick provided the source is very close to the counter window. 
Show that the percentage of polonium which can be removed by centri¬ 
fuging increases as the pH rises until a maximum is obtained (about 
pH 3-6), after which it decreases. 

Also shake each of the empty centrifuge tubes (previously washed 
with water) with 2 ml. 2N nitric acid. This removes the polonium 
adhering to the walls of the tube which is most of that lost from 
solution. Estimate the recovery obtained by measuring the activity. 

The amount of centrifugable polonium is dependent on the concentra¬ 
tion of neutral electrolyte, the amount of dust suspended in solution, 
the acidity, and the polonium concentration, f In some cases, parti¬ 
cularly at high polonium concentrations, a maximum in the amount of 
centrifugable polonium will not be obtained under the conditions of the 
experiment. 


Experiment 27. To use the Photographic Plate 
Technique for the Detection of a-EMiTTERS 

Experiment 27 a. To estimate the concentration of uranyl solu¬ 
tions 

If a photographic plate is impregnated with a uranium solution and 
left to stand for some time before developing, the tracks of the a-particles 
from the uranium cause blackening of the plate. The blackening of the 
a-particle tracks is not continuous but is composed of individual 
activated grains of sUver. The number of tracks produced is propor¬ 
tional to (a) the concentration of the uranium solution and (6) the time 
during which the plate has been allow ed to stand before being developed. 
The sensitivity of this method of detecting a-emitters may be estimated 
by calculating the number of tracks wliich w ould be visible in the field 
of view^ (say, 10"=* cm.^) of a microscope focused on a plate which has 
been impregnated wdth solution containing 1 g. uranyl nitrate hydrate 
in 100 ml. water and left to stand for at least 24 hrs. before developing. 
If the photographic emulsion is 10“^ cm. thick, the volume of solution 
in the field of view is about 10“® cm.^ (The assumption that the volume 

t See Gmelin-Kraut's Hantlbuch dfr nnorganische Chemic, Ktli edjtion. System 12, 
Section XV. M. Haissiusky, Le^ RmUocoHoides, Hermann, Pans, 1947. 
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of liquid is equal to the volume of emulsion is probably not correct 
but it will be of the right order.) Hence, since there are two a-active 
isotopes of uranium in the same decay chain, the number of tracks 
produced per day in the field of view is 


2 

5 ^ 


X 6-02X 1023 X 


0-693 


4-49 X 10»X 365 


X 


10 -« 

Too" 


10 - 1 . 


As it is possible to detect tracks down to one in every field of view and 
a greater number of tracks may be obtained by increasing the duration 
of the exposure, it is possible to detect about lO-® g. uranium im¬ 
pregnated on the photographic plate by this method. 

Method. Make up three solutions of uranyl nitrate containing respec¬ 
tively 50 g., 100 g., and 250 g. per litre. Place 

40 ml. of each into a small beaker and then put each beaker in a light¬ 
proof box. Take three pieces of photographic plate about 2 cm. square, 
and suspend each in one of the solutions. This operation should be 
conducted in a dark room. After the plates have been soaked for 
about 10 min. remove them from the solutions, wash with running 
water for about 2 min., and suspend them in the empty boxes over¬ 
night. 

Next day, develop the plates in the developer recommended by the 
manufacturers for 10—12 min. Use enough developer to treat all the 
plates together for the same length of time in order to prevent differ¬ 
ences in development. Then fix the plates by washing for 30 min. with 
'hypo’, keeping the wash gently agitated. Finally wash for 30 min. 
with running water and allow to dry. Almost any type of photographic 
plate is suitable for this experiment, although a ‘nuclear research plate’ 
is preferable. 

Observe each of the plates in turn through a microscope, using a 
jVin. oil-immersion objective. Focus on the upper surfaces of the plate 
first, and note the number of a-tracks in the field of view. Then slowly 
lower the objective and measure the number of a-tracks in the field of 
view as they come into focus. Some of the a-tracks will not be parallel 
to the plate and so may not all be in focus at any given position. Note 
such tracks, taking care that they are not counted more than once. 
Continue counting, using different fields of view, until at least 500 tracks 
have been noted; counting should be finished at the end of a field of view. 
Estimate the number of tracks per field of view in each case, and show 
that the ratio of the three concentrations of uranium in the solution is 
50 : 100 : 250—i.e. 1:2:5. 
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Experiment 27b. To determine the branching ratio of ThC to 
ThC' and ThC" 

The disintegration chain of ThX is 


ThX 


= 3-64 days 


Tn 




cc 


= 54*5 sec 


ThA 


QL 


SB 0*158 sec 


ThB 


10-6 hre. 


>ThC 


Ot 


^ ThC 


ThC' 


3-1 min. 


a 




= 2-6 X 10”’ sec 


^ Pb 


Since the halfdives of the descendants of ThX are not more than a few 
hours, four a-particles vdW in general be emitted from a given atom of 
ThX and its descendants within a few days. A developed photographic 
plate which has been exposed to ThX will therefore show a series of 
star-like forms, produced by the a-tracks of the successive disintegration 
products of the series. The ^-particles which are not so densely ionizing 
as the a-particles produce only a general fogging in the background. 
Now, the a-energy of ThC is 6 042 MeV and of ThC' is 8-776 MeV, The 
latter, being more energetic, has a significantly longer range than the 
former, or of any of the other three a-particles of the chain which all 
have a-energies of between 5 and 7 MeV. It is therefore possible to 
estimate the proportion of ThC atoms for which the /3-disintegration 
precedes the a-disintegration by counting the number of stars which 
have one a-particle of long range. This gives the so-called ‘branching 
ratio’ the proportion of the atoms which disintegrate by a given mode. 
In the case of ThC. the branching is 0-35 for the <x-^ change and 0-6.5 
for the /3-a change. 

Method. ThX may be separated from a solution containing 10 g. 
thorium nitrate/100 ml. by adding 10 mg. barium chloride carrier and 
precipitating barium carbonate by addition of saturated sodium car¬ 
bonate (in which thorium carbonate is soluble). Centrifuge off the 
precipitate, wash, and dissolve in dilute hj^drochloric acid, adjusting 

the pH to 5-7 with ammonia. 

Place a 2 cm. square piece of ‘nuclear physics research plate in the 
solution containing ThX and leave for 15 min. Then remove, wash, 
dry, and place in a desiccator, using the same technique as described m 
Experiment 27 a. Leave the photographic plate in the dark for at least 

24 hrs., develop, fix, wash, and dry. 
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Under the microscope oil immersion objective) there will be 
observed several double- and treble-pointed stars on the plate, and also 
some with four points. Count the total number of the latter and also 
the number of these which have an a-track which is much longer than 
the rest; hence calculate the branching ratio. 

Experiment 28. To follow the Separation of Ions by 
Paper Chromatography using an Autoradiographic 

Technique 

The experiment as described is applicable to less than about 10 mg. 
each of a mixture of sodium chloride and potassium chloride containing 
a total of about 10® disintegrations per minute of radio-sodium and 
radio-potassium. A known amount of each activity may be added 

(contained in a few mg.) or a mixture of the two may be activated by 
neutron irradiation in a pile. 

Method. Dissolve the mixture in 5 ml. methyl alcohol and drop 0-1 ml. 

on one end of a filter-paper strip 20 cm. long and 2 cm. wide. Support 

a smaU beaker or boat at the higher end of a 50-cm. long gas-jar or 

measuring cylinder by means of a wire cage attached to a tightly fitting 

cork. Pour a small volume of methyl alcohol into the cylinder so that 

the atmosphere is saturated in alcohol, and support the paper strip with 

about 1 cm. of the end to which the mixture has been applied over the 

lip of the boat. The remainder should hang down into the cylinder. 

Pour a little methyl alcohol into the boat so that the upper end of the 

filter-paper is immersed. Close the cylinder and allow the solvent to 

siphon down the paper. This effects a separation of the sodium and the 

potassium ions, the former travelling down the paper more quickly than 

the latter. Allow the solvent to flow for about 6 hrs., then remove the 

strip and dry. Press the strip against a photographic plate and leave 

them in contact for 12 hrs. before developing. A visual indication of the 

position of the bands is obtained by the density of blackening of the 
plate. 

Further work. This technique is applicable to very small concentra¬ 
tions of material, provided the radiotracer can be obtained in high 
specific activity. A further example is the separation of strontium and 
barium, to a mixture of which carrier-free radio-barium and radio- 
strontium (freshly separated from daughter activities) can be added. 
The solvent used in this case is pyridine containing 20 per cent, by 
volume of water and I per cent, of potassium thiocyanate. The air in 
the cylinder should be saturated with pyridine and maintained at a 
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humidity of about 60-80 per cent, (using saturated ammonium nitrate 
solution). Elution should be continued for at least 6 hrs. before the 
autoradiograph is made. In this case the strontium travels faster than 

the barium. 

Details of other separations to which this technique might be 
applicable are given elsewhere.f 


Experiment 29. To determine the Diffusion Constant 
OF THE Tungstate Ion in Solutions of Different pH, 

AND TO use IT TO IDENTIFY THE lONIC SpECIES EXISTING 

IN Solution 

The advantage of a radiotracer method over other methods of follow¬ 
ing self-diffusion is that no concentration difference is necessary between 
the parts of the system from which and into which the species diffuses. 
It is therefore not necessary to assume the diffusion rate under a zero 
concentration gradient to be the same as obtained under a measurable 

concentration difference. 

Method. Two solutions of tungstate ion of identical composition are 
made up, one containing radioactive tungsten. The latter is placed in 
a diffusion cell, which is immersed in a bath of the inactive solution, 
and the loss of activity from the diffusion cell is determined after a 
kno^vn time. If c is the concentration, t the time of diffusion, and 1 the 
linear distance of diffusion, then the diffusion constant (D) is given by 
Fick’s law, namely 

Ft “ 

By a simple derivation from Pick’s lawj it may be sho^^m that y, the 
fraction left in the diffusion cell at the end of the experiment, is 



7T^ 


-0 


+ 5e-®« + 


25 *^ 


“b •••)> 


(29.1) 


where d = and I is the length of the diffusion cell. Under most 

conditions, 6 is large enough for all but the first term of the expansion 
to be neglected, and expressing D in cm.^/sec., / in cm., and t in hours, 
and transforming, equation (29.1) becomes 

D = 259-2(0-908o —log lOy)/^ 10 ®/^. (29.2) 


About 5 g. of tungsten oxide (WO^) should be irradiated in a pile for 
about 7 days to obtain the activity (t, =- 24-1 hrs.). Dissolve a 

t T V 4rden. F. H. Burstall. O. R. Davies, J. A. I.ewis, R. P, LinsU-nd, and R. A. 

wills, AVdure. IU48, 162, 691 ; ibid, 

+ K. Saddington and J. S. Anderson, ibid. 1949, b. 
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known weight of the oxide in slight excess of caustic soda and make un 
to 100 ml. Taking aliquots of 2 ml., make up lO-ml. samples of active 
sodium tungstate with the pH adjusted by addition of nitric acid to be 
withm the range 2 - 11 . These are the active liquid samples, which are 

placed inside diffusion cells such as shown in Fig. 4 
Each diffusion cell is a glass capillaiy 0-5 mm. in 
diameter and 2 cm. long, the lower end of which is 
ground to fit a flat glass plate, 2 mm. thick and 
i cm, in diameter, to which it is sealed with a 
suitable cement. The diameter of the capillary 
should be accurately determined by weighing the 
cell fiUed with mercury. The active solution is 
introduced into the cell by means of a micro- 
pipette. The outside of the cell is washed free from 
activity and dried before it is placed in a Perspex 
rack. The rack is lowered into the beaker (see Fig. 4 ) 
until the solution is within | cm. of the mouth of 
the cell. The beaker contains 100 ml. of inactive 
sodium tungstate of the same composition and pH 
as the active material, made up in the same way. 
The assembly is left to stand for 1 hr. in a thermo¬ 
stat at 25° C. to allow thermal equilibrium to be 
established, and the rack is then gently lowered 
until the mouth of the cell is at least 2 cm. below 
the surface of the inactive solution. After a known time ( 2-3 days) 
carefully remove the ceU from the liquid, wash away any occluding 
liquid from the outside, and then wash the contents on to an aluminium 
tray by means of a micropipette. Evaporate to dryness by radiant heat 
and compare the activity with that obtained by evaporation of 0-2 ml. 
of the original solution (diluted tenfold if necessary) on a tray. Estimate 
the fraction of the activity remaining in the ceU, and hence determine 
the diffusion constant using equation (29.2). 

It wiU be found that D is independent of pH if the latter is greater 
than 9 or less than 5. These regions correspondf respectively to the 
species [WO,]>=- and [W,0„]s-. If the pH is between 5 and 9 a mixture 
of these two species is present with a diffusion constant intermediate 
between the value of 7-7 x 10-« cm.Vsec. corresponding to [WO.]®- and 
3-5 X 10-6 cm.2/sec. corresponding to [WsOgi]®-. 

Further work. In principle this experiment may be performed with 

t K. Saddington and J. S. Anderson, loc. cit. 



Fio. 4. Diffusion 
apparatus. 

A, diffusion cell. 

B, Perspex rack. 
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any other convenient activity. The diffusion constant of, for instance, 
barium chloride, strontium nitrate, zinc nitrate or cobalt nitrate using 
a radioactive cation, and potassium iodate or bromide using a radio¬ 
active anion may likewise be determined. In most cases the diffusion 
constant is practically independent of pH, but the diffusion constant 
of cobalt nitrate determined in the presence of ammonia would also be 
expected to be critically pH dependent, due to tlie change from the 
cobalt cation to a cobaltammine. 


Experiment 30. To determine the Vapour Pressure of 
White Phosphorus over the Temperature 

Range 0°-20° C. 

This experiment illustrates the use of a radiotracer method for deter¬ 
mining the pressure of a condensible vapour. If the vapour contains a 
proportion of radioactive species, and the pressure is not liigh enough 
to make absorption losses appreciable, the observed activity is directly 
proportional to the pressure of the labelled species. The method has the 
advantage that a wide range of pressure is easily susceptible of measure¬ 
ment since the magnitude of the counting rate may be varied by adjust¬ 
ment of the assay volume, the specific activity, and the thickness of the 

counter wundow. 

Method. Place about 0-2 g. pure white phosphorvis in a Pyrex tube 
about 1 cm. diameter and 10 cm. long {A. in Fig. 5f/) and attach it 
by means of a ground-glass joint to a high vacuum apparatus. Pump 
out the apparatus to a pressure below 10-- mm., and distil the phos¬ 
phorus into the quartz tube (B) by heating the Pyrex tube to about 
100° C. and cooling tbe tube (B) (below the quartz-glass seal) in liquid 
air. With the quartz tube still cooled, seal off the Pyrex glass constric¬ 
tion (C) Now convert the yellow phosphorus to red phosphorus by 
heating to 350° O. for 3 hrs. This conversion (which is 95 per cent, 
complete within 24 min.)t is necessary as a precaution in case the vessel 

cracks during pile irradiation. 

After the vessel has been irradiated in a pile for at least 14 daj^s, open 
the quartz tube under water and transfer the red phosphorus to the side 
arm (D) of an apparatus constructed as shown in Fig. 5 6. Evacuate the 
apparatus by pumping to a pressure of less than IO -2 mm. and with the 
tap (//) closed, heat the tube (6') with a naked flame to degas thoroughly. 
Refill the apparatus (including the tube (D)) "itli pure nitrogen or 


t F. S. Dainton and H. M. Kimberley, Trans. 


FarufJ. Soc. 1900, 46, 912- 
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heUum to a pressure of 500-600 mm. and heat the tube (D) at duU-red 
heat untd all the red phosphorus has been converted to white phos 
phorus and has condensed as the crystalline white variety on the cooler 
parts of the tube. With the tube (Z») surrounded in liquid air, evacuate 
the apparatus to less than 10-® mm., using a conventional high vacuum 



technique (and a McLeod gauge to measure the pressures), and be sure 
that the vacuum is maintained when the apparatus is isolated from the 

pumps. If necessary, again heat the tube (G) with a naked flame (with 
tap {H) closed) to degas thoroughly. 

Distil the white phosphorus from the tube {D) into the tube {E), and 
with the latter surrounded in liquid air, seal off the pumping line at the 
constriction {F). Surround the tube {E) with constant temperature 
baths at convenient temperatures between 0° C. and room temperature 
either by use of a cooled thermostat or by making liquid-solid ‘mushes’ 
of the following liquids at their freezing-points: water (0°), benzene 

(5-49°) or nitrobenzene (5-67°), cyclohexane (6-5'’), p-chIorotoluene(7-5‘’), 

p-xylene (15 ), and glacial acetic acid (16*7°). At each of these tempera¬ 
tures and at room temperature measure (a) the counting rate of the 
Geiger—Muller counter {J) due to the radioactive phosphorus vapour 
in the tube (G), (6) the background count obtained by inserting a thick 
absorber between the counter window and the glass window of the 
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tube (G), and (c) the count of a standard source also inserted (in a 
reproducible position) above the glass window and backed by a thick 
piece of lead to screen the counter from the radiation emitted by phos¬ 
phorus vapour in the tube {G). Assuming that the vapour pressure of 
white phosphorus at 0° C. is 4*41x10-® mni.t calculate the vapour 
pressure at each temperature. (The vapour pressure will be found to 
rise to about 0*0292 mm. at 21*3° C.) 

A high permanent counting rate may sometimes be obtained, even 
when the reservoir {E) is surrounded in liquid air. It is believedf to be 
due to an involatile layer of phosphorus pentoxide formed by reaction 
of an adsorbed oxygen layer with the phosphorus vapour. Allowance 
should be made for it if significant. It may be eliminated either (a) by 
thoroughly out-gassing and flaming the apparatus in a high vacuum 
before the phosphorus is admitted or (6) by admitting inactive phos¬ 
phorus vapour and out-gassing, before the experiment is performed 
with active phosphorus, or (c) by coating the inner surface of the 
apparatus with a suitable protective organic layer to prevent chemical 
reaction between the phosphorus and the adsorbed oxygen.J 

Calculation of the specific heat at constant pressure of white jyhosphorus 
Let ACp be the difference between the specific heats of (a) phosphorus 
vapour at constant pressure and (6) solid white phosphorus. Over the 
restricted temperature used, can be assumed constant. From 

elementary thermodynamics we have 

AC^ = d{^H)|dt, 

where AH is the change in heat content of 1 g. mol. of phosphorus on 
vaporization and is thus equal to L, the latent heat of vaporization. 
Hence at any given temperature T, 

Lj, = (30.1) 

where M is a constant. 

Inserting equation (30.1) in the Clausius-Clapeyron equation, we have 

d(\np) + _ M , AC^ 

dT~ ~ RT^ RT^~^ RT' 


Hence 

lnp= + 


or 

log.oP - 2-303fl?’+ R ’ 

(30.2) 


t F. S. Dainton and H. M. Kimberley, Trans. Farad. Svc. 19o0, 46, 912. 
+ F. S. Dainton and H. M. Kimberley, ibid. p. 629. 
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where B (= 2*3035') is the integration constant. At any given tempera¬ 
ture, there are three unknowns in equation (30.2), namely M, and 
ACp. Insert values of the vapour pressure (or the observed counting 
rate), and the corresponding values of T in equation (30.2) at three con¬ 
venient temperatures. Take 5 as 2 calories. From the three equations 
obtained, determine the values of AT, B\ and Then plot a graph 
of (logio P ~ [A<7p logio T]/5) against IjT using all the results obtained and 
show that the above equation is obeyed. Hence show that the value of 
ACj 3 is —7 calories. Also determine the latent heat of vaporization (5-,) 
at 25® C. (14*04 k.cals./mole (P 4 )). 

Further work. This experiment may be conveniently extended to 
measure the vapour pressure of phosphorus at temperatures down to 
about —23®C. and up to 41® C. At temperatures higher than room 
temperature, it is necessary {a) to warm the assay volume ((?) in an air 
thermostat, and (6) to heat the connecting tubes which are not in the 
constant temperature bath by means of a small electric furnace. If 
these parts of the apparatus are kept at a higher temperature than the 
reservoir, condensation of phosphorus is avoided. 

At low temperatures a small correction may be necessary for thermal 
transpiration,!, % but this is not significant if the mean free path (A) is 
of the order of a tenth of the diameter of the tube {d) connecting the 
reservoir (F) with the remainder of the apparatus. With connecting 
tubes greater than about 2 cm. diameter, the correction for thermal 
transpiration is negligible. At very low temperatures, where Knudsen 
flow obtains {X/d > 1), it can be shown that equation (30.2) becomesf 

2*303i?T ( 5 ^ 7 (30.3) 

where T is the temperature of the reservoir and is the temperature 
of the assay volume. For intermediate ranges {i^cXjd^c 1), no 

theoretical correction for thermal transpiration can be made except in 
special cases.§ 

This experiment is, in principle, applicable to any volatile phosphorus- 
containing compound, without a further determination of the calibra¬ 
tion factor. It may also be successfully applied to other condensible 
vapours which may be conveniently labelled with a radioactive tracer. 

t F. S. Dainton and H. M. Kimberley, Trans. Farad. Soc. 1950, 46, 912. 

X Sir James Jeans, An Introduction to the Kinetic Theory of Gases, Cambridge, 1946. 

§ See S. Weber, Leiden Communications. 1913. 137c, 32; S. Weber and K. Onnes. 
ibid. 1915, 147b, 24. 
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In the main, this table has been compiled from information supplied by 
J. S. Story (1, 2) to whom our thanks are due. Additions have been made 
from recent work to bring the information up to date (July 1950), but so far 
as possible, only those isotopes for which there is reliable evidence have been 
included. The following abbreviations have been used: 


A 

s atomic mass. 

e~ 


= isotopic capture cross-section 



for thermal neutrons (in barns). 

n 


Except where otherwise stated 

K 


this refers to («, y) reactions. 

51* 

926* 

s=s of 926 barns for an («, a) reac¬ 



tion. 

§ 

4950" 

s= a a of 4,950 barns for an (n, p) 
reaction. 

(67) 

q 

ss half-life. 


a 

ass seconds. 

(?) 

m 

= minutes. 


d 

s days. 

KO), y(?). 

y 

a=a years. 

etc. 

/3 or 

= )3-particIo. 

0080 

CK 

B a-particle. 



= positron. 


y 

= y-radiation. 


I.T. 

s= isomeric transition. 


The 

atomic numbers of the elements are given i 

name 

of the element. The classical 

symbols of 


internal conversion elec¬ 
tron, 
neutron. 

/C'Capture. 

isomeric with the ground 
state of mass 51. 
natural emitter, 
isotope of mass 67 un¬ 
certain but element cer¬ 
tain. 

element and isotope un¬ 
certain. 

radiation uncertain, 
a y-ray of 0-080 MoV 
energy is obtained in the 
transition which leads to 
the conversion electron. 


CiUil/l/da KJL CLtUlillV v ^- 

name of the element, opposite the appropriate mass number. The energies of 
the particles and radiations are quoted in MeV. 


1. J. S. Story, private communication. 

2. M. Ross and J. S. Story, Reports on Progress in Physics, 1949, XII, 291. 
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Plate III. A typical dry-box 

A. Gloves 

IL Air-lock for insert Id apparatus 
i\ Pipi'ttc 

D. MisccUuncous apparatus 

E. Air filter 

E. lUiinuruition 

G. Perspex front to dry-box 

H. (Vntrifuue ^ 

L IIIfra-red lamps for evaiK)ratioii of solutions 
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Plate IV. Tongs for use with active material, as follows: 

A. Small sources 

B. Iaxtrc beakers 

O. Test-tubes aiul otlior small vessels 
D. Highly active sources 

tlir ends of pipoUps^S'j^^fniiis*hfRhivS supporting filter papers used for wiping 

G. Si Sew **“'■*' “ Piireliase 

H. Vessels containing liigliiy iS-activc material 

I. J^rge beakers 
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Absolute ^-counting, 155, 255. 

by coincidence method, 255, 261; by de- 
fmed solid angle metlkod, 255-9; by 
47r solid angle counting, 259-60; in 
presence of y*activity, 258; of gases, 
262; of liquids, 262. 

Absorption cur\’es: ^-particles and posi¬ 
trons, 79, 84, 96, 158, 298-300; deter¬ 
mination of, 79, 298; effect of y-rays, 
97-98, 102; effect of scattering, 81, 96, 

97, 102, 296. 

of y- and X-rays, 91, 106, 109, 302. 
of conversion electrons, 104. 

—, differential, 109. 

— edges, 110. 

— of ^-particles: in counter windows, 97- 

98, 147, 153; in counter windows of 
immersion coxinters, 244; in liquid 
samples, 244—8; in solid samples, 234—8, 
303-4. 

— of micro-components on prefonned pre¬ 
cipitates, 10. 

Acetylchloroaminobenzene, 30. 

Actinium K (element 87), 7. 

— X, 36. 

Actinon, 36. 

Actino-uranium, 93. 

Adsorption and precipitation rules, 5, 6, 

11 . 

on carbon and metallic powders in 
Szilard-Chalmers reactions, 216, 218; 
on precipitates, 5, 6, 8, 9, 10, 317; 
on surfaces of vessels, etc., 4, 26, 243, 
254. 

— of Ra*+, Ac*+, and Th*+- on charged 
silver iodide, 10. 

— internal, 6, 9. 

Allowed transitions, 95. 
a-electroscopes, 132. 

a-emitters, natural, 73, 93; neutron defi¬ 
cient, 73. 

(a, n) reactions, 52, 207. 
a-particles, 73, 115. 

detection of, 121-40; determination of 
the energy of, 112; energy loss of, 73; 
kinetic energy of, 76; measurement of, 
121-40; properties of, 73-77; range 
of, 74, 76, 112, 122; scattering of, 77, 
242; specific ionization of, 74, 135; 
stopping power for, 76; straggling of, 
75; track of, 74, 116; velocity of, 73. 
Alumina. 13. 

Aluminium hydroxide, 10. 

Amberlite ion-exchango resins, 316, 338- 


Americium, 24. 

Ammonia, use in counters, 142. 

Ammonium citrate, uso in decontamina¬ 
tion, 268-9. 

Amplifiers, 122, 159, 180-4. 

for use with Geiger counters, 169; for 
uso w’ith ionization chambers and pro¬ 
portional counter, 180-2; noise level 
in, 182; operation of, 183; pulse dis¬ 
tortion by, 182; time constant of, 181. 

— head-, 183. 

-pro-, 123, 128, 1.53, 169, 170. 

Amyl acetate, use in counters, 142. 

— iodide from neutron bombardment of 
iodine in pentane, 216. 

Analysis, 24; investigation of analytical 
procedures using tracers, 24, 324; by 
ion-exchange methods, 19, 315, 332; 
by isotope dilution method, 25, 325; by 
radioactivation, 25, 327 ; by radioactiva¬ 
tion of trace.s, 19. 

— micro-, 26. 

Annihilation radiation, 84, 103. 

Anomalo^is mixed crystals, 8. 

Anthracene, use as y-sonsitive phosphor, 
159. 

Anti-coincidence circuits, 185. 

Antimicrophonic mounting, 127. 

Argon, self-diffusion of, 33; xise in couJiters, 
122, 125, 136, 137, 142, 143, 163. 

Arsenic, analysis in zinc by radioactivation, 
329. 

Arsenious acid, reaction with iodine, 30. 

Auger electrons, 83, 86. 

Automatic determination of j8-absorption 
curves, 190. 

Auto-radiographs, 7, 9, 344. 

Background count, 145, 154, 261; statis¬ 
tical considerations of, 60. 

Back-scattering: determination of, 306; 
determination of by, 103. 

— of a-particles, 77, 242. 

— of ^-particles, 82, 97, 236-8, 240, 256-8, 
306;effect on absorption curves, 97,101. 

— of positrons, 83. 

Barium, separation from strontium, 220, 
334; and radium, mixed crystals of, 
7, 8. 

— carbonate, 239. 

— chloride, 8, 38. 

— sulphate, 5, 37, 228, 239; solubility of, 
26; surface area of, 34. 

Beryllium, 87; use as absorber, 109. 
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^-activity, determination of, 140-59 • in 
flowing liquids, 150, 248-53; in galses, 
253-5, 262; in liquids, 150, 202, 227 
242-3; in solids, 226-41. 

^-particles, 77, 94. 

absorption curves of, 79, 95, 296-300; 
ionization of, 79, 117, 135; maximum 
energy of, 78, 96; mean energy of, 78, 
96; range of, 79. 95, 96, 98; scattering 
of, 81, 96, 156, 256, 306; spectrum 
of nuclear, 78. 

P-ray spectrometer, 68 , 95 , 96. 

Bias curve in a-counting assemblies, 124. 
Biological half-life of a radio-isotope, 265 
Bismuth, 1 . 21 , 73; self-diffu.sion of, 33. 

— hydride, 23, 

Bond rupture, 3. 

Boron chambers for measurement of neu- 
trons, 163. 

— oxide, use in determining half-life of 

71. 

trifluoride, use in neutron counters, 163. 
Bragg or coherent scattering, 87. 

Branching ratio of ThC, 343. 
Bremsstrahlung, 92, 106. 

Bromine, use in counters, 143. 

Bromo-acetic acid, neutron bombardment 
of, 214. 

Bromobenzeno, Szilard-Chalmers effects 
with nuclear isomers, 213. 

Bromoform, neutron bombardment of. 
214. 

isoButane, as quenching agent, 143, 147. 
n-Butyl bromide, use in separation of 
nuclear isomers, 218. 

tert-Butyl bromide, use in separation of 
nuclear isomers, 218. 


Cadmium sulphide, 121 . 

Cage effect, 215. 

Calcium, 40, 95. 

— sulphate, surface area of, 34 , 35 . 

Calibration of a counter, 260. 

Capture cross-section, 51, 164, 165, 193 
198. 

— y-rays, 212 . 

Carbon dioxide, use in counters, 122. 142 
254. 

— disulphide, use in counters, 142, 254. 
tetrachloride, neutron bombardment of. 
215. 

Carriers, 4. 317-18; hold-back, 5 , 318. 

Catalysis, 35. 

Centrifuge tube, demountable, 229. 

Centrifuging of radio-colloids from solu¬ 
tion, 21, 340. 

Cerium, separation from praseodymium 
332. 


Characteristic curve: of a-ionization cham¬ 
ber, 124; of Geiger counter, 119 , 141 , 
of proportional counter, 136. ’ 

7 >-ChloracetaniIide, 30. 

Chlorates, neutron bombardment of, 213 
Chlorine, use in coimters, 143. 

Chlorobenzene, neutron bombardment of 
21 

Chromatography, 15; paper-, using auto¬ 
radiographic technique, 344. 

Citric acid, 221. 

Cloud chambers, 96, 112. 

Cobalt triethylone diamine nitrate, neutron 
bombardment of, 214, 

Coherent scattering, 87. 

Coincidence counting, 72, 108, 185. 255 
261, 262. 

— loss, 144, 170. 

Cold cathode scaling tube, 176. 

Colloid studies with radiotracers, 34. 
Complexes, 12 . 

ammine, 2, 347; cupferron, 12; diethyl 
dithiocarbaraate, 12, 296; dithizone. 
12 . 

Compounds, discovery of, using radio¬ 
active material, 23. 

Compton effect, 89. 

— recoil electrons, 105, 108. 

Conductivity counters, 120. 

Contamination, prevention of, 267-70. 
Conversion electrons, 91; determination of 

energy of, 104. 

Copper, oxidation of, 33; self-diffusion of, 33 . 
Counting ratemeter, 168, 187, 279. 

Critical absorption for X-rays, 85. 
Cross-sections, 51, 203. 

Crystals, distribution of micro-components 
in, 7. 

Cupferron, 12 . 

Curie, definition of, 47. 

Curium, 24. 

Cyclohexyl chloride, production in Szilard- 
Chalmers reactions, 215. 

Cyclotron, 1 , 194, 196, 205, 207. 


{d, a) reactions, 206. 

(d, n) reactions, 196, 206. 

{d, p) reactions, 206. 

Daughter activity, 45, 47, 49 , 192; effect 
on use of tracers, 223. 

Dead time: determination, 290; of Geiger 
counters, 118, 141, 144. 170. 175, 253; of 
ionization chambers, 121 . 

Decay of radioactive species, 43, 54; deter¬ 
mination of, 54, 61, 295; determination 
with two components, 54, 65, 297, in 
complex mixtures, 60 , 300. 

Decay schemes, 86 . 
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Defined solid angle method of absolute 
counting, 255. 

Deuteron-induced reactions, 206, 210. 
Dialysis of radio*colloids, 21. 

Diamond os a conductivity counter, 

121 . 

Diethyl ether, 220. 

— use in counters, 142, 143. 

Diffusion constant of tungstate ions, 345. 

— processes, 32, 33. 

— of radio-colloids, 22. 

Discovery of new compounds using radio¬ 
active moterial, 23. 

Discriminators, 124, 136, 139, 178, 183, 
184. 

Disintegration constant, 42, 94. 

Dispensing miUicurio amounts of activity, 

270. 

Dissociation constant of' strontium tar¬ 
trate, 336. 

Distillation, separation of radioactive 
material by 13, 321-3. 

Distortion of liquid-liquid boundaries in 
flowing liquids, 249-53. 

Dithizone, 12. 

Dowejc 50, 316, 338. 

Drybox, 272—3. 

Dysprosium, 25, 73, 164; analysis of, by 
radio-activation, 329. 

Electrochemical separations, 4, 13, 218. 
Electrometers, 119-20; use of, in measur¬ 
ing ionization current, 128. 

— types of, 130-1; ^-sensitive, 157; y-sen- 
sitive, 161. 

Electron avalanche, 140, 159. 

Electronic equipment, 168; multi-elec¬ 
trode cold cathode scaling tube, 175; 
pre-amplifier unit, 169; scaling unit, 
172. 

— methods, 72. 

— noise, 123, 124. 

Electroscopes, 119-20; classical design of 
a-, 132; for personal monitoring, 279. 

— ^-sensitive, 157. 

— y-sensitive, 159, 161. 

— Lauritsen type, 119, 133, 157, 158; for 
^•activity in gases, 254. 

Element 43 (technetium), 5, 24. 

— 61 (promethium), 20, 24. 

— 85 (astatine), 24. 

— 87 (francium), 24. 

Emanation methods, 36. 

Energy of radiations: determination of 
E bv the back-scatter method, 103; 
effect on choice of tracers, 222; practical 
determination, 95-112; relationship to 
half-life, 93. 


Errors: arising from area of sample, 230- 
4. 

— from self-absorption, 234, 244. 

— in comparative and absolute counting, 
226. 

— in comparative measurements of ^-ac¬ 
tivity in: gases, 253; flowing liquids, 
248; liquids, 242. 

— -of y-activity with ionization 

chambers, 248. 

--from mounting solid a-sources, 

241; supporting trays, 240. 

— in preparation of samples, 226, 243. 
Ethyl alcohol, use in counters, 142-3. 

— bromide, use in separation of nuclear 
isomers, 218. 

— iodide, use in Szilard-Chalmers re¬ 
actions, 211, 309. 

Exchange between ThB in solution and 
solid PbS 04 , 34. 

— of ‘carrier’ and ‘carrier-free’ material, 

2 . 

— reactions, 27; for Fo*'''/Fe*'*', 2; for 
SOl’ISOl-, 2; table of typical, 28. 

-determination of rate, 334. 

-separation of isotopes by, 3, 4. 

Europium, analysis in gadolinium, 25. 
Evaporation of radioactive solution, 220. 

Fajans-Paneth precipitation and adsorj)- 
tion rules, 5. 

Faraday cage effect, 127. 

Faults in: Geiger counters, 155; power 
packs, 179; preamplifying units, 172; 
scaling units, 176. 

Feather analysis, 80, 98, 99, 100, 298. 
Ferrihaemoglobin, 27. 

Forrilieme, 27. 

Ferric chloride, 11, 13. 

— hydroxide, 10, 11, 36; use as a scaven- 
ger, 220, 317-18. 

Ferrous o-phenantliroline, 27. 

Filter tube, demountable, 229. 
Fischer-Tropsch reaction, 35. 

Fission products, 38, 71, 78, 191, 193, 219; 
chemistry of, 12, 219; rare gases from. 
219; recoil of, 14. 

— yields, 219. 

— yield curve for 219-20. 

Flip-flop circuit, 170, 173. 

Flux, neutron, 51. 

Foils, used for detecting neutrons, 163, 
164. 

Friedel-Crafts reaction, 27. 

Gadolinium, 73. 

Gallium: in iron, 25; in meteorites, 330. 
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y-countors, efficiency of, 159, 160. 

y-counting with an immersion counter. 
248. 

y-rays, 86. 

absorption coefficient of, 88, 90, 91; de¬ 
tection, 159-62; detection by conduc¬ 
tivity counter, 120; determination of 
the energy, 91, 105,108, 302; effect on 
Szilard-Chalmers reactions, 216; in- 
teraction with matter, 87, 91; of cap¬ 
ture, 212; relation to half-thickness in 
aluminium and lead, 107; shielding, 
calculation for, 276; specific ioniza¬ 
tion, 86; wavelength, 88. 

Gas amplification, 117, 136. 

Gases, measurement of j9-activity in, 253- 
5« 

Geiger-Miiller counters,- 106, 118, 140-55 
178. 

background count, 154; block diagram 
of electronic assembly of, 153; ‘bell- 
jar’ type, 148; calibration of, 260, 
306; cathode materials, 161; charac- 
teristic curve, 119, 141, 154; common 
faults, 155; construction, 144; cylin¬ 
drical, 148; dead-time, 118, 141, 144, 
253; demountable, 152-3; effect of 
central wire diameter, 145; for abso¬ 
lute ^-counting, 257; for 47r solid 
angle counting, 153, 259; for flowing 
liquids, 152, 222-3; for liquid sources, 
150-2 ; for measurement of y-activity, 
160; geometrical design, 148-53 ;halo- 
gen-quenched, 143; hysteresis in, 56; 
mechanism of, 140; operation, 153; 
pulse amplitude from, 118, 144, 168, 
169, 185; self-quenching, 142; win¬ 
dows, 145, 146,148,150,222;window- 
less, 152, 258; with external cathodes, 
145. 

Geiger-Nuttall plot, 93. 

Geiger region, 118. 

Gloves, 284. 

Gold, self-diffusion of, 33. 

— chloride, 13. 

Growth of radioactivity, 44, 45, 47, 49^ 

197; observation of, 304-5, 309. 

Guard rings, 126, 127, 136. 

Guiding principles in choice of a tracer, 221. 

Gypsum, 6. 


Half-life, defined, 42. 

detennination: by chemical separation, 
68, 70; by ratio methods, 66, 295; 
from disintegration rate, 69; graphic¬ 
ally, 54, 61, 67; practically, 54, 295; 
with known statistical accuracy, 61. 


Half-life, {contd.) 
effect on tracer, 222. 
of gaseous radioactive bodies, 71. 
relation to energy, 93; to times of 
observation, 56. 
special examples, 66. 

very long, 68. 
very short, 71. 

Half-thickness for /S-particles, 103, 234-6, 
244; for y-rays, 106. 

Health precautions, 264-83. 

Helium as counter gas, 122, 143, I47. 
High-voltage supply, 177. 

Hydrogen, use in coimters and ionization 
chambers, 122, 254. 

— bromide, effect of neutrons, 213. 
Hysteresis effects in coimters, 56. 

Immersion counters, 150-2, 242, 324* 
y-counting with, 248. 

Infinitely thick sources, 238, 239; of 
liquids, 247-8. 

Internal adsorption, 9. 

— conversion, 91, 109, 259, 262. 

Iodine, determination of exchange rate of 
334. 

Ion exchangers, 15; separation by, 14, 
18-20; practical use, 316, 337. 
Ionization chambers, 112, 115, 121, 177, 
273; bias curve, 124, 183; construction,’ 
125; designed for rapid source insertion, 
125; for y-rays, 161; for health monitor¬ 
ing, 278; gridded, 126; operation, 123; 
pulse amplitudes from a’s in, 123. 125 
181. 

— of gases, 115. 

Ionium, 192. 

Ions, collection of, 116. 

Iridium, analysis by radioactivation, 328. 

— triethylene diamine nitrate, neutron 
bombardment of, 214. 

Iron wire, use in counters, 145. 

Irradiation assemblies, 203-4. 

Isobutane, use in counters, 143, 147. 
Isomeric states, 87, 91. 

— transitions, 91. 

Isomorphous replacement, 6. 

Isotope dilution methodofanalysis, 25,325. 

— table, 351. 

Isotopic separations, 3, 4, 20. 

ff^-capture, 78, 84-85. 

Kicksorters, 68, 185. 

Krypton, 38; in counters, 142, 160, 
X*-distribution, 286-7. 

Laboratories, design and equipment of. 
272. 
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Lanthanum fluoride, 5. 

Load, 1. 

— bricks, 271. 

— castles, 96, 155, 273; scattering from, 
256. 

— iodide, 8, 9, 11; solubility, 331. 

— self'diflusion, 33. 

— sulphate: as a carrier for barium and 
strontium, 220; solubility, 332; surface 
area, 34, 332. 

Loosening temperature, 38. 

IMandelic acid, 30. 

Manipulation of radioactive material, 
267. 

Mass absorption coeflficient for y’s, 90. 

Mass-spectrometer, xise in radiochemistry, 
67, 70. 

Maximum permissible amounts of radio¬ 
active isotopes, 266. 

Mean life of a radio-isotope, 43. 

Measurement of nuclear radiation, 115; 
a-particles, 121; /5-particles, 140, 242, 
253, 262; y-rays, 159; neutrons, 162. 

Mercuric iodide, 6; solubility, 332. 

Mesothorium I, 192, 234. 

Methane, use in counters, 122, 125, 136, 
178. 

Methyl iodide, neutron bombardment of, 
214, 215, 216, 312. 

Methylene bromide, neutron bombard¬ 
ment of, 214. 

— iodide, production from methyl iodide, 

214, 215, 312. 

Mica-splitting techniques, 146-7. 

Micro-component in crystals, distribution 
of, 7. 

Millicurie, 47. 

Molecular rearrangements, 30. 

— structure, 30. 

I>Iolybdenum chloride, 13. 

— 8-hydroxyquinolate, 324. 

Monitoring, counting a-^-y monitor, 267, 

279; integrating y-radiation meter, 281 ; 
personal, 278-9; pocket electroscope, 
279; pocket ionization chamber, 279; 
portable /3-y monitor, 280. 

Mounting of solid a-aetive samples, 241; 
solid ^-active samples, 226. 

Slulti-raembered decay chains, 50. 

(«, a) reactions, 205, 208, 211. 

(«, y) reactions, 193, 197, 208, 210. 

(n, n) reactions, 205, 208. 

{tj, p) reactions, 194, 205, 208, 211. 

Naphthalenecrystals for use in scintillation 
counters, 159. 


Naturally occurring radio-isotopes, 191. 

Neher-Harper circuit, 142. 

Neodymium, 20. 

Neptimium, 5, 24, 73, 93. 

Nemst equation at low concentrations, 14. 

Neutrino, 1, 79, 83, 94. 

Neutron-emitting isotopes, 71. 

Neutron sources, 194. 

Neutrons, 1, 53, 162; capture by foils, 163; 
capture by silver, 308; detection, 162. 

— flux, 51, 57; flux in water and paraffin 
wax, 163, 203; resonance capture, 58; 
thermal, 164, 197-8; wavelength, 53. 

Niobium, 5, 22, 26; analysis in tantalum 
by isotopic dilution, 26, 325. 

Nitrogen, use in ionization chambers, 122, 
125, 136. 

Noise, electronic, 123-4, 181, 182. 

Nuclear angular momentum, 95. 

— flssion, 194, 197. 

— isomers, 87, 91, 218. 

— reactions, 52, 193, 205; chemistry of. 
207; general characteristics, 208; simul¬ 
taneous. 210. 

— spin, 95. 

Oppenheiraer-Phillips reaction, 206, 209. 

Oscilloscope, use in counting assemblies, 
123, 174. 

Oxygen, effect of presence in counters, 122, 
142. 

Pair production, 89. 

Palladium in iron meteorites, 331. 

Paralysis time, 143, 144, 154, 158, 174,175, 
253, 257, 261, 290, 293-5; effect on ratio 
method for half-lives, 65. 

Phenj'l glyoxal, 31. 

Phosphate, estimation by isotopic dilution, 
326. 

Pho.sphorus, white, latent heat of vapori¬ 
zation, 349; specific heat, 349; vapour 
pressure, 347. 

Photodisintegration, 87, 196. 

Photoelectric effect, 87. 

Photographic method of detecting radia¬ 
tion, 21, 67, 120; experimental details, 
341. 

Pliotomultipliers, 120, 138. 

Photosynthesis, 3. 

Pile irradiations, secondary activities from 

315. 

Piles (uranium reactors), 1, 193, 194, 197, 
210, 211, 216. 

Pipetting techniques, 227, 228, 269, 270, 
273. 

Platinum tri-ethylene diamine nitrate, 
neutron bombardment of, 214. 


404 


SUBJECT INDEX 


Plutonium, 14, 24, 71, 194, 266. 

Poisson distribution, 58, 285. 

Polonium, 9, 13, 20, 73, 192, 266; as a 
standard a-sourco, 293; removal from 
solution by centrifuging, 340; deposition 
on silver foil, 13, 293, 340. 

Positrons, 78, 83, 94; absorption. 103; 
back-scattering, 83. 

Potassium, separation from sodium by 
chromatography, 334. 

— ferrocyanido crystals, neutron bom¬ 
bardment of, 216. 

permanganate, Szilard—Chalmers effects 
in, 310. 

— thiocyanate, use in separation of barium 
and strontium, 344. 

Power packs, 155, 177; faults in, 179. 
Praseodymium, 20; separation from 
cerium, 332. 

Pre-amplifier units, 123, 128, 153, 169-72; 
faults in, 173. 

Precipitation reactions, 4, 5; efficiency, 

324; rules of, 5, 6, 7; practical details. 
317, 318. 

Probe unit, 169. 

Proportional counters, 112, 117 , 121, 134 . 
characteristic curve, 136, 183; desim of! 
135. 

for measurement: of a-radiation, 121, 
134; ^-radiation, 135, 158-9; y-radia- 
tion, 161; neutrons, 162; X-rays, 108. 

— region, 117. 

Protoactinium, 5. 

Proton induced reactions, 207-9. 

Pulse ionization chambers, 77,115,121,158. 

— construction and use, 125; design for 
rapid source insertion, 125; operation. 

Pyridine, use in separation of barium and 
strontium, 344. 

Quenching agents, 142. 

— of counter discharge, 118, 140, 142. 

Radiation chemistry, 2. 

Radiation, detection of exposure to, 278. 
exposure, methods of avoiding exces¬ 
sive, 276. 

intensity from a lOmc. y-sourceof given 
energy, 276; tolerable intensities of 
external, 273. 

Radiations emitted by radioactive ma¬ 
terial, 73. 

Radioactivation, 25; analysis, 210, 327 . 
Radioactive decay, 42-73. 

— equilibrium, 46, 69. 

— gases, assay of, 142, 253, 262; half-life 
of, 71. 


Radioactive waste, disposal of, 282. 
Radio-antimony, 194. 

antimony-beryllium neutron sources 
194, 196. 

— -barium, 22, 26, 104, 105, 210, 219, 221 
334, 338. 

-separation from radio-lanthanum, 

305, 319; separation from radio-stron¬ 
tium, 320, 344. 

-beryllium, 70; variation of half-life 

with chemical composition, 85. 

-bismuth, 1, 266. 

-bromine, 12, 72, 218, 297, 313. 

-cadmium, 13, 92, 197. 

-caesium, 72, 219, 221. 

-calcium, 223, 266. 

--carbon, 70, 142, 194, 238, 239, 254; 
production of, 1, 13; self-absorption in 
sources of, 235. 

— •cerium, 101, 301, 305, 332, 338. 

— -chemical separations, 4. 

-chlorine, 199, 210, 213, 215, 312, 316 

--cobalt, 12, 86, 102, 108, 300, 312; 
standard sources of, 292. 

--colloids, 9, 20, 21, 211; of polonium, 
340. 

-copper, 13, 78, 296, 303, 338. 

-dysprosium, 296. 

-elements, use in chemical investiga¬ 
tions, 23. 

-europium, 110, 111, 112, 221. 

-gallium, 12. 

-gold, 303. 

— -indium, 87, 92, 206, 296, 302; for deter¬ 
mining paralysis times, 294. 

— -iodine. 12, 72, 99, 203, 220, 261, 
294, 296, 304, 312; for determining 
paralysis times, 294; from ethyl 
iodide, 309; separation from radio- 
telluriiim, 322. 

-iridium, 312. 

-iron, 102, 112, 206, 312. 

-isotopes, biological half-life, 265; 

equations for rate of formation, 51, 197 ; 
permissible amounts of, 266; preferen¬ 
tially absorbed in the body, 264-6; pro¬ 
duction of, 192. 

-krypton, 71, 72, 221. 

lanthanum, 15, 221, 338; separation 
from barium, 305, 319; separation from 
radio-zirconium, 320. 

-lead, 1, 8. 

-manganese, 12, 296; for determining 

paralysis time, 294; 302; from Szilard- 
Chalmers reactions, 214, 310. 

-molybdenum, 324. 

— -neodymium, 194, 221. 

-niobium, 221, 303, 326. 
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KadiO'palladivpn, 104. 

-phosphorus, 82, 210, 266, 268, 304; as 

phosphite from Szilard-Chalmers re¬ 
action, 311. 

— -potassium, 334; separation from radio¬ 
sodium, 344. 

— -praseodymium, 15, 101, 305, 332. 

— -proraetheum, 194, 221, 266. 

— -rhodium, 86, 97, 221, 306, 321. 

—-rubidium, 70, 72, 316. 

-ruthenium, 220, 221, 301, 306; separa¬ 
tion from fission products, 13, 220, 
321. 

— -samarium, 110, 112. 

-silver, 80, 194, 211; production by 

neutron capture, 308. 

— -sodium, 12, 86, 199, 206, 299, 303, 334; 
separation from radio-potdssium, 344. 

— -strontium, 35, 206, 219, 301, 334, 339; 
separation from radio-yttrium, 302; 
separation from radio-barium, 320; 
removal from radio-molybdenum by 
precipitation, 324; in determination 
of dissociation constant of strontium 
tartrate, 336. 

— -sulphur, 194, 239, 300, 304. 

— -tantalum, 107, 299, 326. 

— -technetium, 104, 221, 249. 

— -tellurium, 92, 104, 105, 221; Szilard— 
Cljalmers reaction with, 314; separation 
from radio-iodine, 322. 

— -thallium, 1. 

— -thorium, 1, 6, 8, 9, 11. 

-tin, 194. 

— -tracers, principles of use, 2. 

— -tungsten, 345. 

— -xenon, 219, 221. 

— -yttrium, 206, 266, 300, 301, 305, 338. 
-zinc, 200, 297, 303. 

-zirconium, 221, 266, 303; separation 

from radio-lanthanum, 320. 

Radium, 5, 7, 36, 46, 69, 266; standard 
source of, 293. 

— and barixim, mixed crj'stals of, 7, 8. 

— A, 77, 192. 

— B. 192. 

— C, 73, 192. 

— C^ 73, 192. 

— D, 21, 192; separation from Radium E, 
304. 

— E, 20, 73, 98, 100, 192, 298, 306; separa¬ 
tion from Radium D, 304. 

— D-E-F standard source, 260, 292, 307. 
-beryllium neutron sources, 195. 

— fumarate, 6. 

— raalonate, 6. 

— sulphate, 5, 6; solubility of, 26. 

Radon, 36, 46. 


Range-energy relationships: for a-particlos, 
76,112; for ^-particles in aluminium, 80, 
81; for electrons, 104. 

Rapidly decaying emitters, correction fac¬ 
tors for, 55. 

Rare earth separations, 221. 

Ratemeters, 187. 

Ratio methods for determining half-lives, 
66, 295. 

Reaction rates, 29, 89. 

Recoil, 14, 36, 212. 

Recording apparatus, 189. 

Resistance quenching of counters, 14I. 
Resolving time, 121, 122, 139, 144, 158, 
175. 

Resonance capture, 53, 164. 

Retention in Szilard-Chalmers reaction, 
214-15. 

Rhodium, use in detecting neutrons, 164, 
165, 166. 

— triethylene diamine nitrate, neutron 
bombardment of, 214. 

Roentgen, 274. 

Roentgen-equivalent-man, 274. 
Roentgen-equivalent-physical, 274. 
Rubidium, analysis by radioactivation, 

327. 

Ruthenium, 13, 220. 

Rutherford, the, 47. 

Safe amounts of radioactivity, 264. 
Samarium, 73. 

Sample area, effect of, 227, 230-4, 256-7. 
Samples, preparation of, 226-30, 239; for 
a-counting, 241; for ^-counting, 226, 
243; for y-counting, 239. 

— radioactive, supports for, 240-2, 256. 

— uniformly thick, 239-40. 

Sargent rule, 94, 95. 

Saturation current, 117, 128. 

Scaling units, 124, 153, 168, 170, 172-6; 
possible faults, 176. 

Scattering: a-particles, 77; /3-particles 
in absorption curves, 81; ^-particles 
in solid sources, 236-8; due to second¬ 
ary electrons, 102. 

Scavenging agents, 10. 

Scintillation counters, 68, 77, 96, 112, 
120, 121, 138-40, 178, 268; for y-rays, 
159; operation, 139. 

Secular equilibrium, 45. 

Self-absorption, 234-8; determination, 

303-4. 

Self-diffusion, 33; of tung.stato ion, 345. 
Semi-proportional region, 117. 

Shielding against radiation, 274—7. 

Silk, surface area of, 35. 

Silver, neutron capture in, 308. 
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Silver bromide, 72, 77. 

chloride, 228; use in conductivity coun¬ 
ters, 120. 

— chromate, solubility of, 332. 

iodide, mounting of precipitates of, 310 

— nitrate, 38. 

— oxalate, 11. 

— phosphate, 11. 

Sodium: analysis by radioactivation, 328; 
separation from potassium, 334 . 
bromate, use in oxidation of ruthenium, 

220 ; use in separation of nuclear isomers, 
218« 

— diethyl dithiocarbamate, 12. 

iodide, use as y-scintillation detector, 159 . 

— sulphite, exchange with sodium sul¬ 
phate, 2. 

Solubility of a slightly soluble salt, 331. 
Solvent extraction, 4, 11. 

Specific activity, 193; effect on use of a 
tracer, 222, 223. 

Specific heat of white phosphorus, 349. 
Specific ionization; of a-particles, 74; of 
^•particles, 79. 

Standard deviation, 58, 284-6; calculation 
from experimental data, 284-90; of 
arithmetically combined quantities, 60. 
Standard sotirces: preparation, 292; use 
55; table, 260. 

Statistical errors, 58. 

significance of a given total number of 
counts, 291. 

— tests, use, 287. 

Statistics of integrating instruments, 288; 

of radioactive counting, 58, 154 , 284. * 
Strontium, 70; separation from barium 
220, 334. 

— sulphate, solubility, 22, 332; surface 
area, 34, 339. 

tartrate, dissociation constant, 337 . 
Surface area ofa solid by isotopic exchange, 
338. 

— studies, 34. 

Szilard-Chalmers reactions, 193, 211-18. 
applied to nuclear isomers, 218, SIS- 
practical details, 309-15; suitable 
targets for, 214; table of typical, 217. 

Tantalum, analysis in admixture with 
niobium, 26, 325. 

Targets, choice of, 207, 209, 214. 

Tellurium, 228. 

— diethyl, use in separation of nuclear 
isomers, 218. 

Tenth-value thickness, 277. 

Thallium, 1. 

bromide-iodide crystals as y-ray detec- 
tors, 121. 


Thermal transpiration, 350. 

Thiosulphate ion, structure of, 31 . 
Thorium, 1. 

— acetyl-acetonate, 26. 

— hydroxide, 30, 38. 

— B, 6, 8, 34, 338; adsorption on silver and 

lead iodides, 8, 9, 11. 

C, 21, 22, 23; preparation, 296; branch- 
ing ratio, 343. 

X, 35, 36, 192, 243; separation from 
thorium nitrate, 343. 

Thoron, 36. 

Threshold voltage, 154. 

Time constant, 122, 124, 130, 289. 

— of maximum activity, 49. 

Timing unit, 179. 

Tonga for use with active material, 273,277 
Tracers, choice of, 221, 240-2. 

Transient equilibrium, 47. 

Transitions, allowed and forbidden 95 
Trays, sample, 227, 234. 

Triphenyl phosphate, neutron bombard- 
ment of, 216. 

Tritium, 3, 33, 70, 205, 254; estimation, 
253-4. 

Tungstate ion, diffusion of, 345 . 

Tungsten wire, use in counters, 135 , 146, 

Uranium, 69, 78, 93, 191, 192, 194, 219, 
305; standard a-sources of, 293; stan¬ 
dard ^-sources of, 260, 292. 304 
— Y, 192. 

Uranyl nitrate, 22; estimation by photo¬ 
graphic method, 341. 

UX„ 192, 307; removal from uranyl solu¬ 
tions, 318. 

UXj, 100, 101, 192. 

Valency of carriers, 5. 

state of a radiotracer, 2, 15, 20; differ¬ 
ence from carrier, 2, 3, 20. 

Vanadium, separation from alkali metals, 

1 Q. 

Vapour pressure determination using 
radiotracers, 26, 347. 

Vibrating-reed electrometer, 131, 254. 
VolatUization as a means of separation, 

13) 23. 

Voltage pulses from Geiger counters, 118; 
from ionization chambers, 116. 


Water-vapour, effect on counters. 142 
253-4. 

\Vhite phosphorus, vapour pressure of, 347. 

Windows for counters, 145, 146, 148,150; 

effective thickness for liquid counters! 
244-8. 

Xenon, 38, 142. 
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X»rays,'86, 89, 91, 92, 160; absorption, 
109; absorption edges of, 110; deter¬ 
mination of energy, 108. 

Yields from (n,y) reactions, 51, 53, 67, 163, 
197-202; from laboratory neutron 
sources, 202, 203. 

— from thick targets, 52. 


Zeokarb ion exchange resins, 19, 338. 
Zero-point energy, 2. 

Zinc, self diffusion of, 33. 

— diethyl, use in separation of nuclear 
isomers, 218. 

— sulphide, 120, 139. 

Zirconium, 5; radio-colloidal, 22; separa¬ 
tion from ionic species, 18. 
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